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apparatus dew point 
Air Pressure Drop 
Air Handler Unit(s) 
Nomenclature 
American Society of !-.eating. Refrigerating and Air-Conditioning Engineers 
Average 
Bias uncertainty described in Append ix L 
Constant Air Volume 
Flow-stream capacity rate of cold-side fluid [W/K] 
Flow-stream capacity rate of hot-side flu id [W/K] 
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Celsius 
Cold Junction Compensation 
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Chilled Water Coil 
The CWC air pressure drop in Chapter 10 
Chilled Water Coil Latent Cooling Load 
Ch illed Water Coil Sensible Cooling Load 
Chilled Water Coil Total Cool ing Load 
1·leader or Copper Tube Diameter 1m] 
The nozzle throat diameter [m] in Appendix D 
Dry-Bulb Temperature 
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exhausted air 
Energy balance rat io 
HPHX condenser entering dry·bul b temperature 
HPHX evaporator entering dry-bulb temperature 
Energy conservation and energy efficiency 
HPH X evaporator pre-cooling ratio 
entering relative humidity 
external static pressure drop 
entering wet-bulb temperature 
experiment 
Figure 
The LMTD correction factor in Chapter II 
exchanger now-stream mass 
accelerat ion o f gravity [m/s2] 
heat-transfer coefficient (W m-2 K·1j 
the average heat transfcr coefficient 
heat of vaporization [kJ/kg.K] 
the room air enthalpy 
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HWCAPD 
Head 
HI 
H2 
HWC 
HX 
HPHX 
HPHXAPD 
HPHXs 
HR 
HVAC 
HVAC&R 
k 
k, 
L 
L 
WBTc 
WBT~ 
Le 
L; 
LOB 
LDBT 
LMTD 
the supply air enthalpy 
Heating Coil 
The HWC air pressure drop in Chapter 10 
Pressure Drop in mm H20 (i.e. H I-H2) 
Locat ion I 
Location 2 
hoI water coil 
heat exchanger 
heat pipe heat exchanger 
Nomenclalure 
The HPHX constant air pressure drop at 836 Pa in Chapter \0 
heal pipe heat exchangers 
humidity ratio 
heating, ventilat ing and air conditioni ng 
heating, ventilati ng, air conditioning, and rerrigerating 
thennal conducti vity [W/m.K] 
liquid thennal conductivity [W/m.K] 
Length o r the Header or Copper Tube [m] 
The throat length em] in Appendix D 
HPHX condenser leaving dry-bu lb temperature 
HPHX evaporator leavi ng dry-bulb temperature 
Length of the evaporator [m] 
Length of the fin [m] 
length em] 
Leaving Dry Bulb 
Leaving Dry Bulb Temperature 
Log mean temperature difference (6 T",) 
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LWB 
LWBT 
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In 
MBR 
Mass FR 
MCWBT 
M&E 
MS 
NET 
Nf 
.. 
", 
N 
NTU 
Nil 
OA 
OTa 
p,. 
Q 
Q""lmtl 
Leaving Wet Bulb 
Leaving Wet Bulb Temperature 
HPHX evaporator leav ing wei-bulb temperature 
fin effectiveness parameler 
Mass now rate [kg S· lJ 
Mass Balance Rat io 
Mass Flow Rate 
Mean Coincident Wet Bul b Temperature 
Mechanical & Electrical 
Malaysia standard 
Process 1-4 
number of fins per meier 
number of row in flow direction 
number of row in a row perpendicular to flow 
number of row for HPHX 
Number of Transfer Unit 
Nusselt number defined in equations [3.4J to (3.6] 
outdoor air 
operating theatre 8 
Prandtl number 
hcat trans fer rate [W] 
actual heat transfer rate for any heal exchanger 
actual heat transfer rate for a I-!PI-I X defined in Chapler 7 
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q, 
r(out) 
r( in) 
R 
Ra 
Re 
RE 
RH 
SA 
SCAP 
SenHX 
SHR 
SPC 
Sf 
s" 
s" 
T 
maximum possible heat transfer rate 
total load on the space as defined in equation (I), Chapter 4. 
the space sensible load 
the space latent load 
Outs ide radius for the header or copper tube [m] 
Inside radi us ror the header or copper tube [m] 
thennal resistance [m·2 K W·I ] 
modified Rayleigh number defined in equation [3.40] 
Reynolds number 
Renewable energy 
relative humidity 
supply air 
Sensible Capacity 
sensible heat exchanger 
sensible heat rat io 
S&Peoil 
fin spacing [m J 
tube spacing in longitudi nal (m] 
tube spacing in transverse [m] 
Stanton number 
saturation temperature minus wall temperature {K] 
Nomenclmure 
Temperature difference [0C] between the out let and inlet chilled water 
thickness (m] 
temperature (K] in Chapter 3 
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T 
TCA P 
TCAPH/YC 
Temp 
Temp i 
Temp2 
TIO/ill 
TM Y 
TRN SYS 
T, 
u 
V 
Vo 
Vo 
Vel. 
Vol. 
Vol. FR 
W 
WBT 
Greek symbols 
Channe l 
Total Capacity 
Hot waleI' coi l tOlal heating capacity in Chapter 10 
Temperature in °C 
Temperature in °C at Location I (i.e. actual temperature) 
Nomenclature 
Temperature in °C al Location 2 (i.e. temperature measured by Tri-Sense sensor) 
the inlet hot air temperature 
the inlet cold ai r temperature 
Ihe maximum temperature described in Appendix L 
the minimum temperature described in Appendix L 
Typical Meteorological Year 
transient systems simulation program 
saturation temperature [K] 
the overall heal transfer coefficient 
face velocity [ms· t ] 
Condenser velocity 
Evaporator velocity 
Velocity 
Volume 
Volumetric Flow Rate 
humidity ratio in kJlkg dry air 
Wet Bu lb Temperalurc 
maximum dependent variable described in Appendix L 
minimum dependent variable described ill Appendix L 
£ average sensible energy or total energy effectiveness 
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p 
'If 
cr 
p 
Subscripts 
density [kg m-3] 
fin temperature effectiveness 
total surface temperature 
inclination angle, 0 from a horizontal plane 
liquid density [kg m·l ] 
vapor density [kg m·l ] 
liquid viscosity [N.sJm2] 
surface tension [N/m] 
viscosity coefficient [N s m·2] 
a air 
AC air-conditioner 
ac air-conditioner cooling (Process 2-3) 
c condenser section in Chapter 3 
e evaporalor section in Chapter 3 
e exhaust coil leaving air 
f fin 
ji. fl ow face 
inside 
preceding plane 
in / i inlet of condenser or evaporator section 
j succeeding plane 
hpc heat pipe pre-cooling (Process 1-2) 
hac heat pipe and air-conditioner cooling (Process 1-3) 
hpr heat pipe reheat (Process 3-4) 
hx counter-flow heat exchanger 
Nomenclature 
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HPHX 1·leat pipe heat exchanger 
min minimum 
NET Process 1-4 
0 overall 
0« original total cooling 
oc original rehcat 
Ollt / O outlct or condenser or evaporator section 
P pipe 
PI -3 Process 1-3 
PI-4 Process 1-4 
s supply rresh air 
"" 
sensible 
total 
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Cooling performance 
factOl' (CPF) 
Dual palh 
Energy efficiency ratio 
Effectivencss 
Hcat and coolness I'ecovery 
Latent eneq,'Y-efficielicy ratio 
Moisture efficiency 
Glossary 
Glossary of Terms 
CPF (T~., -T~.o ) 
Tel";-T",,,I 
where Te.,1 is the air temperature entering the evaporator, T •• ,o is the air 
temperature leaving the evaporator and Tue,l is the wet-bulb temperature 
of the air entering the condenser, 
Condit ioned air is transported to the condit ioned room in the perimeter 
area through two suppl y palhs: a warm air path and a cold air path 
Total cooling divided by energy input 
where Ta ,l is the air temperature entering the evaporator, Ta,o is the air 
temperature leaving the evaporator and T"",; is the wet-bulb 
temperature of the air entering the condenser; and where (m C)ev is 
the evaporator air mass flow rate times the specific heat orthe air; 
(mC)min is the minimum air mass flow rate times the specific heat of 
the air, 
Heat and coolness recovery in HVAC systems; high space's 
conditioning temperature for heal recovery and low space's 
conditioning temperature for coolness recovery, 
The latent cooling effect of the evaporator coil divided by the total 
electrical input to the system 
The mass of condensate removed divided by the compressor energy 
use (kg/kWh) 
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Sensible energy effectiveness 
Single path 
Sensible Heat Ratio 
Sensible Heat Exehnnger 
Glossary 
The sensible energy effectiveness, CHn> can be detennined using the 
equation below provided in the ASHRAE Standard 84- [ 991 [SO); 
=~(T, -T,) 
~ -T) 
f11min 
where T/ is the fresh air dry bulb temperature (state [), T1 is the 
coil entering air DBT (state 2) and T1 is the coi l leaving OBT 
(statcJ); and where 111 , is the dry air mass flow rate of the 
supply fresh air; 111 ~ is the dry air mass flow rate of the 
exhaust coil leaving air; and 111 min is the smaller of 111 , and 
III • . 
Conditioned air is transported to the conditioned room through a single 
supply path. 
The sensible load divided by the tota l load. 
The TRNSVS Type l92 pre-cooling heat exchanger that cools the air 
sensibly in Chapter 4. 
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ABSTRACT 
In hospitals, where the air must be changed at least 15 times per hour, humidity 
control is as important as controlling the space temperature. The high air change rate 
applied in hospita ls instantly implies that there would be energy-saving potential in using 
a heat recovery system between the air being exhausted from the conditioned space and 
the fresh air being supplied in to replace it. Ln addition, the fact that in very humid 
climates the moisture remova l requirements often necessitates overcooling air and then 
reheating it implies that there may be a further opportunity for heat exchange as a 
conservation of energy measure. 
Research has been undertaken on heat pipe heat exchangers (HPHXs) for coolness 
recovery in tropical climates to explore the potential for energy savings in HV AC 
systems through using HPHXs. In this work, the proprietary simulation software 
package, TRNSYS, has been utili sed to model both the building characteristics and the 
HV AC system of an operating theatre suite in a Kuala Lumpur hospital. The model has 
been "driven" by the hour-by-hour climatic data for a Typical Meteorological Year 
(TMY) for that location, producing detailed hour-by-hour predictions of temperature and 
relative humidity variation within a selected week of the year, and al so overall energy 
usage for the existing HVAC system for the complete year. 
To simulate accurately the influence of adding one or more HPHXs to the existing 
system, it was essential to know the performance characteristics of a HPHX under the 
situation it would experience in such a system. These operating performance 
characteristics in tropical climate conditions have been determined by an extensive seri es 
xlv ii 
Ph.D. Thesis 
of laboratory measurements of the performance of an actual HPJ-I)( under the range of 
moist air states that it would be required to operate under in service. 
This experimental stage needed the specification, design and construction of a 
HPHX, an associated conventional chilled water co il , a fan and duct system, and a full 
range of properl y cali brated sensors. The experimental rig also allowed the examination 
of the effect, if any, that tilting the HPHX would have on its effectiveness. From the 
experiments on inclining the HPHX, the effect of the inclination angle on the 
performance of the HPHX has been shown to be negligible for the range of a ir conditions 
examined and the degree of tilt investigated. 
Based on lIle results from these experiments, custom-written modules have been 
added to the TRNSYS package to represent the behaviour of a heat pipe heat exchanger 
(HPHX). The energy advantages to be gained through modi fying the existing HVAC 
system to incorporate either one or two HPHX units have been predicted through using 
this extended TRNSYS model, with appropriate allowance being made for the additional 
fan energy penalty incurred as a result of the increased pressure drops introduced by the 
presence of the HPH.Xs. Based on this investigation, the likely energy savings as a basis 
for assessing economic feasibil ity of the HPHX in tropical cI.imates have been identified. 
Energy savings, and the resulting pay-off period for retrofitting the HPHXs, were 
seen to be sensitive to the coefficient of performance (COP) of the HVAC system's 
chiller from the simulations. At the exist ing HV AC plant's cla imed average COP of 4.0 
the pay-off period would be 4.5 years, decreasing to 3.9 years if the average COP was 
3.2. These pay~off periods could be further decreased if the application of HPHXs was 
incorporated in the initial I-:lV AC system des ign, rather than as a retrofit. This indicates 
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the importance of fu lly integrating the design process ri ght from the outset of the system 
design if HPHXs are to be incorporated into a HVAC system so as to give the maximum 
possible energy saving benefits. 
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1.1 INTRODUCTION 
Chapter 1 
Project Introduction 
Chapter I 
According to Energy Information Administration (ETA) [I], total world energy 
consumption was approximately Ix l08 GWh with 5800 million metric tonnes carbon 
emission in 1990. This total world energy consumption had increased by about 6% in 
1995 with 5850 million metric tonnes carbon emission. In 2010, total world energy 
consumption is expected to reach 1.5x I 08 GWh with 8300 million metric tonnes carbon 
emission. It appears that the trend of increasing in total world energy usage and carbon 
emission is inevitable in the coming decades. 
Malaysia, one of the signatory countries of the Kyoto Protocol. is dedicated to 
worldwide initiatives to decrease carbon emission. [n line with this obligation, renewable 
energy (R£) and energy efficiency (EE) have been highlighted in the country's power 
policies and long-term strategies. The two main planning papers, that is the Third 
Outline Perspective Plan (2001 -2010) and Eighth Malaysia Plan (2001 -2005), emphasize 
that growth has to be environmentally sustainable. Efforts are already ongoing to include 
R£ and EE as part of the Malaysians' daily lives. For instance, a RE program was started 
in May 2001 with the goal of achieving a 5% contribution to grid-connected power by 
2005 [2]. On EE, there will be regulations to ensure that the application of energy-
efficient electrical appliances be made compulsory as part of a plan that could achieve a 
10% reduction in energy usage [3]. 
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According to the Energy Commission Malaysia [4], the commercial sector is the 
second largest consumer in terms of electricity consumption in Malaysia in the year 1999, 
based on categories of consumers as shown in Fig. 1-1. If the 10% reduction in energy 
consumption must be achieved as mentioned above, then a significant part of energy 
savings should be made from the commercial sector. 
Electricity Consumption (GWh) in Malaysia According To Categories of Consumers 
111 
556 
29762 
[J Industril:ll 
• Commercial 
[JDomestic 
[J Public Lighting 
• Mining 
Total Consumptiop: 55,629 GWh 
Fig. 1-1 Electricity consumption in Malaysia according to categories of 
consumers in GWh [4] . 
In Malaysia, the operating power cost of Air Conditioning & Mechanical Ventilation 
(ACMV) systems for a typical commercial building accounts for more than 50% of the 
total power bill [5] . Therefore, a significant part of energy savings can be achieved if 
2 
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heat recovery technologies such as run-around coils, plate-to-plate heat exchangers, heat 
recovery wheels and heat pipe heat exchangers (HPHXs) are incorporated into the 
ACMY systems in the commercial buildings. 
As just mentioned, there are severa l types of heat exchangers available for heat 
recovery applications. Run-Around Coils are relatively cheap, but a pump pack and an 
expansion tank are needed to run the system. Plate-To-Plate beat exchangers are fairly 
efficient, but are bulky, costly and extremely difficu lt to mainta in. Also, condensate can 
be trapped on the plates with a resultant growth of moulds. Heat recovery wheels are 
difficult to clean and always liable to cross-contamination. Apart from these drawbacks, 
heat recovery wheels do not efficiently drain condensation [6]. Only HPHXs are free of 
these commonly encountered disadvantages in the other heat exchange devices. 
A heat pipe is a device that allows very high rates of heat transfer over medium 
distances with low levels of thermal resistance and relatively low temperature 
differences. The benefits of HPHXs over conventional heat exchangers are: lower initial 
cost (because of higher effectiveness per unit area of heat exchanger), reduced air-side 
pressure drop (fewer rows), lower maintenance costs (no moving parts), and lower 
operating costs (no external power) [7). 
In hospita ls, the air must be changed at least 15 times per hour per ASHRAE 
requirements [8]. For an operating theatre, the exhaust air (EA) is not permitted to re-
circulate to the mixer, and therefore, potential energy recovery from the EA is enormous. 
Furthennore, in hot and humid trop ical climates, the moisture removal capabi li ty of the 
chi lled water coil in the HV AC systems can be enhanced if the supply air is pre-cooled 
J 
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before reaching the chilled water coil. For instance, a typical HV AC system at average 
ambient conditions of 32°C and 58% relative humidity (RH) with total heating and 
cooling loads of 58.5 kWas shown in Fig. 1-2a can save 14.4 kW ifHPHX is added into 
the HV AC system as shown in Fig. 1-2b [9]. In addition, the use of inclined HPHXs may 
be required for tropical HV AC system due to the fact that condensate may form on the 
fins of the HPHXs and cause rapid drop in effectiveness. A simple schematic diagram to 
explain why condensate can be accumulated on the fms of HPHXs is shown in Fig. 1-3 
and inclining the HPHX as illustrated in Fig. 1-4 can efficiently drain the condensation. 
Nevertheless, the use of HPHXs in HV AC systems inevitably will increase the fan power. 
All these issues will be addressed in the later chapters of the thesis. 
Fig. 1-2a Simple psychrometric process for a typical HVAC 
system at average ambient condition of 32 °C and 58% 
RH [9]. 
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Saving 14..4.1c\\T 
I 11 
Fig. 1-2b Simple psychrometric process for a typical HV AC 
system with an added HPHX at average ambient 
condition of32 °C and 58% RH [9]. 
Condenser Zone 
Evaporator Zone 
Alwniniwn fins (Condensate can be trapped on wavy fins at the evaporator 1.0nB) 
Fig. 1-3 Condensate accumulate on the fms ofa 
HPHX due to the gravitational force. 
Chapter I 
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(Omdensate can bl! dTainedfrom waI1' fins at the evaporator ;:one du.e to the gravitational force) 
Fig. 1-4 Condensate accumulated on the fins of an inclined HPHX 
can be drained efficiently due to the gravitational force. 
Attempts to predict the performance of HPHXs using a conductance model were made 
by Amode and Feldman [10], and Lee and Bedrossian [11]. The popular effectiveness-
NTU method had also been used to predict the performance of HPHXs. Expressions of 
effectiveness, for a single heat pipe and n rows of a heat pipe heat exchanger (HPHX), 
were reported by Krishman and Rao [12], and Chaudrone [13]. These researchers 
demonstrated the effectiveness of a heat pipe as a device for dehumidification 
enhancement and saving energy, but their work concentrated on theoretical studies for 
energy recovery applicable in seasonal climates. As already mentioned, the potential 
energy recovery from the EA is enormous for operating theatres or other situations in 
which little or no recirculation is acceptable. No independent research has been 
conducted to investigate the application of a HPHX for dehumidification enhancement 
and energy savings for such applications in tropical climates, where the latent component 
6 
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of the total cooling load can be very substantial. In other words, the air states as well as 
the energy consumption of a typical operating theatre located in a tropical climate must 
be estimated to verify the use of a HPHX for dehumidification enhancement and energy 
savings for such applications just mentioned. 
1.2 Objectives of Research 
The major objective of this study is to quantify the relative advantages of HPHXs as 
an energy saving and dehumidification enhancement device in tropical HV AC systems as 
compared with a conventional air handler unit (AHU). The results will enable the year 
round impact on energy consumption and dehumidification in a selected operating theatre 
located in a tropical area to be predicted realistically before actual retrofitting is done to 
the space's conditioning system. Before this major objective could be achieved, the 
following minor objectives would need to be accomplished: 
(a) Developing Transient Systems Simulation Program (TRNSYS) Fortran source 
code to predict the possible onset of film condensation, and use an iterative 
approach to predict theoretically the temperature distribution across the HPHX, 
and its overall effectiveness. 
(b) Utilizing custom-built TRNSYS codes to estimate theoretically the hour-by-hour 
air states as well as the energy consumption of the existing HV AC system for a 
typical operating theatre located in a tropical building. 
(c) Verifying experimentally the dehumidification enhancement and energy savings 
of a vertical HPHX for tropical building HV AC systems. 
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(d) Investigating experimenta ll y the thermal performance of an inclined HPI-IX. 
(e) Studying experimentally the enthalpy change for the air passing through the 
cooling sect ion (i.e. excluding reheat effect) with and without HPHXs in a 
tropical HV AC system and also, the reheat recovery with HPBXs in the same 
system. 
(f) Partially validat ing the TRNSYS simulat ion approach by comparing its 
predictions with experimenta l data from (c). 
(g) Using information and data from (a) to (e) to build empirical TRNSYS models for 
est imat ing the hour-by-hour air states as well as the ent ire Typica l Meteorological 
Year (TMY) energy consumption of a typical operating theatre located in a 
tropical bui lding. 
1.3 T hesis Overview 
In line with the thesis aims, the thes is is divided into eleven chapters. The 
arrangement of the thesis strives for equilibrium between integrity and modularity of the 
chapters for the purpose of future publications in journals. Some thesis chapters have 
been re-written from published and ready-to-be-publi shed international journal papers. 
The detai ls for these papers may be found in Appendix A. Chapter 2 reviews research 
work done on HPHX installed in HVAC systems since 1970. It reveals that research 
work on HPHX for BV AC heat and coolness recovery· has been conducted primari ly in 
North America, Britain and Austra lia. Only limited research work on HPHX for HVAC 
heat and coolness recovery have been conducted in subtropical and tropical climates. 
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Chapter 3 addresses the overall effect iveness of a wet 6-row wickless HPHX for a 
tropical building HV AC system. This was simulated using a computer program written 
for this project. This computer program, utilizing Fortran source code, was developed 
based on the effectiveness-NTU method together with the Ridge Model [14] for 
predicting the film condensation, and uses an iterative procedure to predict the 
temperature di stribution across the HPHX and its overall effectiveness. The effects of 
inclination angle and inlet evaporator relative humidity on surface heat transfer 
coeffi cient for the HPHXs were determined using a transient systems simulation program 
(TRNSYS) with a modular structure. The wet HPHX effecti veness was also studied 
experimentall y in this aspect of the research [I 5J. 
Chapter 4 describes the application of the software package TRNSYS to estimate 
hour-by-hour air states as well as the energy consumption of a typical operating theatre 
located in a tropical building. For the simulation, Typical Meteorological Year (TMY) 
data for Kuala Lumpur area in Malaysia and an operating theatre located in University 
Hospital , Kuala Lumpur were used. The impact on energy consumptions of a custom-
built AHU was simulated with a 6-row HPHX installed in the HV AC system compared to 
a sensible heat exchanger* installed in the same system. 
In order to be able to apply the empirical HPHX model in TRNSYS simulations with 
confidence, experimental verification and validation are absolutely necessary, To verifY 
the dehumidification enhancement, an 8-row wickless HPHX for tropical building HV AC 
systems was studied experimentall y usmg an under- floor Air Conditioning 
Environmental Control Chamber in the Department of Mechanical Engineering, 
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University of Canterbury as the ' outdoor ' air source. Chapter 5 describes the design, 
instrumentat ion, and commissioning of the complete experimental faci li ty. The study 
involves three input parameters for a vertica l 8-row HPHX, namely entering dry-bulb 
temperature, relative humidity and system airflow rates. The influence of these three 
parameters on HX sensible heat ratio* (SHR) and dehumid ificat ion enhancement of the 
HPHX are elaborated in Chapter 6. 
A thennal perfonnance study of the same HPHX operating in an inclined mode is 
described in Chapter 7. For verification ofthennal perfOlwance, the inclined HPHX was 
studied experimenta lly lIsing the same basic set-up. The emphasis here was to be on 
investigating the possible influence of inclination on the internal funct ioning of the heat 
pipes. 
The analysis of the overall enthalpy change achieved in the system, with and without a 
HPHX install ed, is described in Chapter 8. This aspect of the investigation also 
examined the reheat recovery with a HPHX installed. 
The TRNSYS software was also set up to simulate the components in the 
experimental rig used in the experiments described in Chapters 6 and 8. This partial 
validation ofTRNSYS experimental rig model is described in Chapter 9. 
Building on the system simulation stud ies of Chapter 4, a complete empirical 
TRNSYS model, incorporating the experimentally determined HPHX characteristics, is 
described in Chapter 10. The purpose of th is model was to estimate the air states as well 
as the entire TMY energy consumption of a typical operating theatre located in a tropical 
bUilding. The impact on actual energy consumption of a custom-built Trane AHU 0704 
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2-2MB is simulated with two empirical representations of 8-row HPI-lX insta lled in the 
HV AC system compared to the existing HV AC system without any heal exchangers. 
Finally, Chapter I I contains conclusions drawn from the present investigation and 
gives possible directions for future work. 
1.4 Thesis Contributions 
There are four major outcomes contributed by this work. Firstly. the li kely energy 
savings as a basis for assess ing economic feasibi lity of the HPHX in tropica l climates are 
ident ified. Secondly, the HPHX performance characteristics in tropical cl imate 
conditions have been detennined. Thirdly, the effect of the inclination angle on the 
perfonnance of the HPHX has been shown to be insignificant and finally, the importance 
of a fu ll y integrated design process if HPHXs are to be incorporated into a HVAC system 
is identified. 
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Chapter 2 
The Heat Pipe Heat Exchanger: A Review of Its Status and 
Its Potential for Coolness Recovery for Tropical Buildings 
2.1 INTRODUCTION 
The heat pipe heat exchanger (HPHX) is a proven device for heat recovery in HV AC 
systems, and competes effect ively with other available systems such as heat recovery 
wheels and run-around coils. This chapter reviews research work done on heat pipe heat 
exchangers (HPHXs) installed in HV AC systems since 1970. It reveals that research 
work on HPHXs for HV AC heat and coolness recovery has been done mostly in North 
America, Britain and Australia. Literature reviews further reveal that only limited 
research work on HPHXs for HVAC heat and coolness recovery has been conducted in 
subtropical and tropical climates and, therefore, more HPHX research work for HV AC 
applications should be carried out in these regions in the interests of energy conservation 
and global green environment strategies. 
In 2001, Malaysian Prime Minister Dr Mahathir Mohamad said that his Government 
would continue to advocate the promotion of renewable energy and energy savings as the 
fifth fuel in its fuel diversification strategy [16]. 
Energy is very important in supporting economic growth of a country. Tropical 
countries such as Malaysia, Singapore, Indonesia, Brunei and Thailand have been putting 
a great deal of effort into developing the so-called fifth source of energy. For example, 
Malaysia, under the glh Malaysian plan, is expected to save 500,000 MWh electric power 
and USD 250 million wOl1h of cost through the fifth source of energy [16]. Therefore, 
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the application of HPHXs For coolness recovery in tropical climates may be widely used 
in the next five years. However, literature reviews reveal that limited work has been done 
on this topic, so little is known oftheir likely perFonnance in such conditions. 
2.2 THERMOSYPHONS AND HEAT PIPES 
A heat pipe is a sealed tube that transFers energy by the internal evaporation and 
condensation of a working fluid so that no moving parts or external power sources are 
requ ired as shown in Fig. 2~ 1 [17]. It is a device having high thermal conductance, thus 
enabling highl y effective heat transfer. Even with relatively small temperature 
differences between the evaporator and condenser side, large heat fluxes may be attained 
in a heat pipe because oFthe phase change of the working fluid inside it. 
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Fig_ 2~ 1: Grav ity-assisted heat pipe body [17] 
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The principles of operation of heat pipes have been generally described by Gersey et 
al. [1 8]. An operating heat pipe may be divided into three di stinct sections, namely the 
evaporator, adiabatic and condenser sections. Energy is added into the evaporator section 
where the working fluid reaches its boiling temperature and begins to boil. The buoyant 
vapour of working fluid rises through the adiabatic section to the condenser, where it 
condenses. The condensate then drains back into the evaporator section by the force of 
gravity or wicking materials. This process of evaporation and condensation of the 
working fluid repeats itself continuously, as long as heat is supplied to the evaporator and 
an opportunity for its removal from the condenser exists. Additional info rmation 
regarding the operation of heat pipes may be found in references [19] through [26]. 
Heat pipe applications have expanded to many industries in the recent years, including 
industries such as tool and die making, electronics, power, and also HV AC systems. This 
growth in applications is due to the advantages of using heat pipes, including, 
» The relatively small thermal resistance of the heat pipes, thus enabling physical 
separation of the evaporator and condenser with little penalty in overall temperature 
drop. 
~ The capability of heat pipes to function as nearl y isothermal devices, where a wide 
range of energy inputs can be accommodated with little change in the source 
temperature. 
~ The evaporator and condenser sections of the heat pipe function separately, and thus 
a wide variety of shapes and sizes of the heat pipes can be designed and produced. 
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» The functionality of heat pipes in the thermal control of electronic components, in 
which free or forced convect ion is applied to diss ipate the heat. 
» The thennal response time for heat transfer is significantly less than other heat 
transfer devices because of the comparatively low thermal capacitance of the closed 
two-phase cycle. 
):>- Heat pipes can also be app lied in reduced gravity environments due to the util ization 
of surface tension effects. 
» Maintenance is minimized because there are no moving parts of the heat pipes and 
no external energy is needed to operate them. 
There are two main types of heat pipes that have been employed in previous research. 
The first types of heat pipes are those with wicking materials employed in the inner 
surface of the heat pipes. The second types of heat pipes are those without any wicking 
materi al, and these heat pipes function only with the assistance of gravity. This type of 
heat pipe has a more specific name, namely thennosyphon. Although much of the 
literature classifies heat pipes and thennosyphons as two totall y diffe rent devices, in this 
chapter thennosyphons are regarded as a subsidiary of the wider fami ly of heat pipes, as 
ill ustrated in Fig. 2-2. Therefore, the significant difference between the common wicked 
heat pipes and grav ity-assisted, wickless thermosyphons is in the mechanism of the 
returning condensate. Thermosyphans do nat requi re wicking materials to transport the 
condensate into the evaporator sect ion, but their dependence on gravity means that the 
condenser section has to be situated above the evaporator section. In contrast, wicked 
heat pipes utili se the wicking material for generating a capillary fo rce to return the 
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condensate into the evaporator section and can operate with orientations that are not 
possible in a thermosyphon. 
I Heat Pipes t 
I 
1 1 
With wicking Without wicking 
materi al material 
(Common heat pipe) (Thermosyphon) 
Fig. 2-2: Classification of heat pipes 
Due to their simplicity in construction and higher critical heat fluxes, thermosyphons 
often are preferred to their wicked counterpart, providing that this restriction on thei r 
orientation is acceptable. 
2.3 HEAT PIPE HEAT EXCHANGERS 
The exceptionally high conductance of the heat pipe allows it to be used effectively in 
a variety of heat transfer dev ices incl uding heat exchangers. At present, heat exchangers 
based on heat pipes are find ing widespread applications in various technological fie lds. 
Their application is particularly effective in heat utilization systems that are intended for 
operation in the areas of moderate and low temperature. These heat exchangers may be 
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used as recuperators in steam power plants, in heating and ventilating systems, in gas 
turbines and also in a variety of industrial heat recovery applications. 
Such HPHXs commonly are made of a bundle of finned heat pipes extending from the 
cold fluid side through a sealed partition into the hot fluid side. An illustration of a 
typical HPHX used in HV AC research is shown in Fig. 2-3 and a typical schematic 
diagram for a counter-flow air-to-air HPHX running in a HV AC system is shown in Fig. 
2-4 [25]. 
Fig. 2-3 A typical 6-row heat pipe heat exchanger. 
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Fig. 2-4 Simple schematic diagram for a typical HV AC 
model running with a HPHX [25]. 
For a conventional HPHX HV AC system, as shown in Fig. 2-5, the mixed air at State 
1 is pre-cooled to State 2. Next, the pre-cooled air (i.e. the coil entering air) enters the 
chilled water coil (CWC) where dry-bulb temperature and absolute humidity ratio of air 
are both decreased according to Process 1-2-3. Moisture removal and cooling takes place 
until State 3 is achieved, using up all the cooling capability of the ewe. The coil leaving 
air (i.e. the overcooled air) leaves ewe at State 3 and then is reheated to State 4 via heat 
recovered at the HPHX condensation zone. Finally, the supply air enters the conditioned 
room, in which the room sensible and latent loads are absorbed along the space condition 
line (SCL) until State 5 is achieved [27]. 
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Process 1-2: Mixed air precooled by the HPHX 
• 
Process 2-3: Coil entering air overcooled by the CWC (Active Cooling) 
Process 3-4: Coil leaving air reheated by the HPHX 
Process 4-5: Space condition line (SCL) 
Fig. 2-5 The psychrometric process of a conventional HPHX 
HV AC system for a tropical climate. 
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Unfortunately, the conventional HPHX HV AC system just mentioned cannot be 
applied directly into the HV AC system for operating theatres. This is because the dirty 
exhaust air (EA) from operating theatres is not permitted to re-circulate to the mixer, and 
therefore a single HPHX system (i.e. the conventional HPHX HV AC system) is probably 
capable of pre-cooling the fresh air and enhancing the dehumidification capability of the 
CWC, but not reheating the overcooled air. For a single HPHX system (shown in Fig. 2-
6), the fresh air is pre-cooled at the evaporator zone through coolness recovered from the 
contaminated exhaust air. The pre-cooled air is then overcooled by the CWC. The 
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moisture removal capability of cwe will be enhanced because the coil entering air is 
pre-cooled by the heat pipes ( i.e. the co il entering air state is moving closer to the 
apparatus dew point). Finally, the system will have to reheat the overcooled air tlu·ough a 
conventional method such as electric heat ( i.e. simple reheat). Undoubtedly, this system 
is still inherently costly and inefficient, in terms of energy savings, since it uses a great 
deal of energy to reheat the overcooled air. This paves the way for fUliher research to 
design a new double HPHX HV AC system. 
For a double HPHX HVAC system, the concept and design of the system are similar 
to the Single HPHX HVAC system with exception that two HPHXs are used in the 
HV AC system. In this system (shown in Fig. 2-7), the fresh air is fi rst pre-cooled at the 
first HPHX evaporator zone through coolness recovered fi'om the contaminated exhaust 
air. The fresh air is then further pre-cooled at the second HPHX evaporator zone through 
coolness recovered from the overcooled air (i. e. the coi l leav ing air). The further pre-
cooled fresh air enters the ewe with air conditions moving even closer to saturation 
curve, and therefore the dehumidification capability of the cwe will be enhanced 
significantly through re-distributing its latent pali of the cooling capacity. 
Simul taneously, the overcooled air ( i.e. the coil leaving air) will be reheated at the 
condenser zone of the second HPHX, and add itional simple reheating may be required to 
adj ust supply air states to the desired conditions. The great advantage of this system is 
that the HPHXs will be ab le to provide 'free' pre-cool ing for the fresh air and pre-
reheating for the overcooled air similar to the conventional HPHX HV AC system just 
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mentioned. The disadvantage of this system is that the fan power and capital costs 
inevitably will be increased due to the added HPHXs. 
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I place as required): 
[!] [IJ I!][!] Q!J 
-----.. 
Dry-Bulb Temperature [Celsius] 
Process 1-2: Fresh air pre-cooled by the HPHX 
Process 2-3: Coil entering air overcooled by the CWC (Active Cooling) 
Process 3-4: Coil leaving air reheated through electric reheat 
Process 4-5: Space condition line (SCL) 
Fig. 2-6 A typical single HPHX system using overcooling and reheat 
processes in a HV AC system. 
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~ and place as requiredj: 
Dry-Bulb Temperature ICelsiusl 
Process 1-2: Fresh air pre-cooled by the HPHX-l 
Process 2-3: Fresh air further pre-cooled by the 
HPHX-2 
Process 3-4: Coil entering air overcooled by the 
CWC (Active Cooling) 
Process 4-5: Coil leaving air pre-reheated by the 
HPHX-I 
Process 5-6: Coil leaving air further reheated 
by electric reheat ( i.e. Simple 
Reheat) 
Process 6-7: Space Condition Line (SCL) 
Fig. 2-7 A typical double HPHX system using overcooling and reheat 
processes in the HV AC system. 
Note that all HV AC systems just mentioned would operate with control schemes in 
the form of capacity-control for the cooling coil and temperature-control for heating coil 
to optimize the use of energy by only employing reheat at those times when the cooling 
coil has overcooled the air in order to keep the humidity in the space down to an 
acceptable level. The details of these control strategies are given in Sections 4.5 and 
10.4. 
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2.4 Previous research conducted on HPHX installed in HV AC systems 
There is considerable literature on the use of HPHXs since 1970 but only li terature 
and reports on HPHX install ed in HV AC systems are reviewed here. This literature 
review has been separated into three sub-sect ions which concentrate, in turn on research 
in wh ich the principal emphasis has been on: the investigation of energy savings and 
dehumidification enhancement; the study of evaporative cooling systems used in 
conjunction with HPHX; and the uncertainty, effectiveness, pressure loss and 
miscellaneous studies for HPHXs. 
2.4. t The investigation of energy savings and dehumidification enhancement 
Beckwith [261 introduced two nove l applications of HPHXs in HV AC systems 
operating in Tampa, Florida, that enhanced moisture removal capabi lities and 
signi ficantly lowered operating costs. In addition, variat ions of one of the systems were 
appl ied to save power by providing heat recovery between exhaust and make-up air 
streams of a building and for maintaining comfort by providing free terminal reheat for 
the supply air stream in individual zones within a building. The Controllable Wrap-
around HPHX, as shown in Fig. 2-8 [6], pre-cooled the air and enhanced the 
dehumidi fication capability of the coo ling coi l. At the condenser HPHX, the heat was 
trsnsfen'cd to the overcooled air leaving the cooling coil to supply free reheating for 
comfort. The coo li ng coi l performs 35.2 kW of cooling and gets rid of 3.68 gls of 
moisture without the HPI-IX. With the heat pipe, the cooling coil performs 42.6 kW of 
cooling and gets rid of 5.25 g/s of moisture. Also, the HPHX suppl ies 7.1 kW of free 
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reheat. Both cooling and reheat power consumption were lowered compared to a 
conventional reheat system. 
Beckwith [26] also mentioned that in the Sub-cool and De-superheat Reheat System, 
liquid refrigerant was sub-cooled in the supply air prior to entering the evaporator to 
increase dehumidification capabi lity and provide free reheat. Furthermore, heat was 
transferred from the wann gas discharge li ne of the compressor to the supply air to give 
further reheat through a controll ab le heat pipe circuit. In this HVAC system, the cooling 
coil pelfonns 35.2 kW of cooling and dehumidified 3.68 gls of moisrure without the 
subcool and desuperheated HPHX system. With the HPHX. the cooling coil performs 
41 .54 kW of cooling and dehumidified 5. 19 gls of moisrure because of subcooling 
process. Also, the HPHX supplies 6.3 kW of free reheat. 
A HPHX air-conditioning system was investigated by Yang [27]. By pre-coo ling the 
return air, the cooling capability of the original HVAC unit was redistributed so that 
moisture removal (latent cooling) capacity of the system was improved. The reduced 
SHR (Sensib le Heat Ratio)* of the HVAC system would then be adaptable for stringent 
temperarure and humidity control in hot and humid areas. In this research, the 
mathematical modell ing of the HPHX air-conditioning system was first performed to 
determine the cOITesponding pre-cooling degree required for particular weather and 
HVAC load conditions. The simulation results showed that the SHR was reduced from 
0.65 to 0.60. From the experimental resu lt, the HPHX improved the moisture removal 
capability from 0.83 to 0.90 gis, or an equivalent to 8.4% increase. 
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A novel use of HPHX, which sign ificantly increased the moisture removal capabi li ty 
of air-condit ioning systems operating in a sub-tropica l FlOlida cli mate, was reported by 
Khattar (28]. When an air-to-air HPHX was insta lled between the warm return air and 
cold supply air streams of an air condition ing system, heat was effectively transferred 
from the return air to the supply air. As the warm return air was pre-cooled at the HPHX 
evaporator, it moved nearer to its dew-po int temperature. Therefore, the moisture 
removal capabili ty of the cooling system was enhanced. Khattar further discussed the 
concept, its advantages, the challenges of incorporating HPHX in HV AC systems, and 
the initial results from a site demonstration of an engineering application. Based on the 
results obtained, the dehumidification fraction of the system in terms of percentage was 
improved from 22% to 42% for an inlet air temperature of about 27"C and relative 
humidity 50%. In terms of energy savings, the initial results were encouraging with an 
average saving of75% over the 1985 through 1986 warm seasons. 
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Fig. 2-8 Controllable Wrap-Around HPHX dehumidification process [6] 
Abtahi et al [29] reported on dehumidifYing HPHXs applied to enhance the 
performance of HV AC systems in humid climates. By installing the HPHX between the 
warm return air, and the cool supply air, heat recovery was accomplished simultaneously 
with supply air reheat and return air pre-cooling. Pre-cooling lowered the sensible 
cooling fraction therefore improving the moisture removal capacity of the system. 
Eliminating the requirement for heating lowered energy usage and resulted in reduced 
system cost. This project described an analytical overview of the HPHX. The analysis 
involved thermal modelling of the whole system and also individual components; for 
example the fin-tube assembly for the evaporator and the condenser HPHX, the pipe-
wick interface, and the fluid loop conductance. The research presented in this report 
included the examination ofthe heat flow path with component-by-component analysis of 
26 
Ph.D. Thesis 
the heat transfer characteristics. Results from this report recommended that boiling and 
condensation mechanisms, and the air-side heat transfer coeffici ents were the main 
factors affecting the HPHX perfonnance. The fin efficiency for high heat transfer 
coefficients happening in liquid film fallin g cases are very encouraging changing in the 
range of 97% to 98%. For nucleate boiling, in the range of 1000-3000 W/m2K, the fin 
effic iency decrease significantly to less than 39%. 
Henderson et al. (30] assessed the effect of controlling a HV AC system to maintain 
constant comfort rather than constant temperature. Three different indices of thennal 
comfort were applied in the study: new effective temperature (E~) from Gagge et al. 
[3 1], predicted mean vote (PMV) from Fanger [32], and a modified PMV (PMV') from 
Oagge et al. [331. Maintaining constant comfort on hourl y and dail y bases was 
investigated. A building simulation model (34] was applied to examine the effect of 
comfort control on energy appl ication in a conventional residence in Miami and Atlanta 
using three different HVAC systems: a high sensible heat ratio (SHR) HVAC, a medium-
SHR HV AC, and a HPHX HV AC. In addition, a more comprehensive analys is of how 
comfort control would affect other sophist icated low-SHR HV AC systems was presented. 
As mentioned by Henderson et al. [30] , for conventional temperature contro l, adding 
HPHXs reduced the space RH but increased yearl y power costs in Miami by 15%. This 
is due to the fact that the space RH was greater than 50% for the medium- and high-SHR 
HV AC systems in Miami. For comfort control (PMV*), the power cost of adding HPHX 
reduced threefold from 14.6% to 5.5%. On the other hand, comfort control penalized the 
high-SHR HV AC system because temperature was reduced for compensating higher 
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space RH. A general study of the building load at a moderate infi ltration rate (0.5 air 
changes per hour (ACH]) indicated that decreasing space RH from 50% to 40% while 
holding temperature constant increased the total load by II %. In fact, total load actually 
decreased by 3% as the RH was decreased while maintaining constant comfort (PMVN). 
This suggested that advanced high-effic ient, low-SHR systems might be able to lower 
space RH with insign ificant increase in power costs when comfort was taken into 
account. 
Two approaches to lower energy consumption and peak demand in buildings that 
needed RH to be maintained at 50% below were investigated at an art museum in St. 
Petersburg, Florida (7]. The first approach was concerned with alternat ive indoor fan 
cycl ing strategies, and the second approach involved the application of HPHXs. Both 
methods enhanced the moisture removal capability of the current HVAC systems and 
provided significant savings. 
All indoor fans were initially operated continuously in most business buildings 
regardless of compressor mode. When the compressor switched off, moisture from the 
chilled water coil and drain pan was transported into the supply air because of the 
constant airflow. Indoor fan control was then switched to the AUTO mode. where the 
fans switched on and off with compressor operation. For temperature-controlled zones 
inside the museum, the AUTO fan status stabili zed and significantly lowered humidi ty 
levels while providing yearly power savings of 18% to 20%. The AUTO fan status 
enhanced the stability of humidity levels in a zone in which humidi ty control ex isted, 
resulting in a 12% decrease in annual energy usage (7]. 
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Shirey [7J further mentioned that the 864 m2 central ga llery needed to be controlled at 
22.2 °C and 50% RH to conserve the artwork on exhibition. Two 25-ton rooftop units 
with 35 kW of electric res istance reheat per un it were initiall y applied to control the low 
RH. A HPHX was insta lled in March 1990 to enhance the moisture removal capabili ty of 
one rooftop un it. After optimizing system controls, the HPHX HV AC unit decreased the 
annual gallery power usage by I I % and peak electric demand by 34%. The second 
rooftop uni t now merely operated as a spare uni t to the HPHX HV AC unit. 
Findings and insights from six field tests of supermarket HV AC systems installed with 
HPHXs located in eastern half of the continental United States were reported by Hill and 
Lau [35]. The fie ld studies investigated different store and HVAC system designs 
running in four diffe rent cl imates. Two HVAC configurations were examined: single-
path· and dual-path·. Each field study was well equipped and included an on-site data 
logging system with remote data retri eval. Significant savings in refrigeration power 
were found to be attainable with a decrease of indoor RH in supenllarkets. Reduction of 
room dew point was facilitated by the HPHXs in the store air-conditioning system. 
Indoor dew-point temperature was effecti vely maintained as low as 7.2 °C. Four of the 
field studies examined had indoor dew-point temperature maintained at 10 °C or lower. 
The HPHXs improved the moisture efficiency* of the single-path systems by 18% to 
27% for the des igns tested. An HPHX on the outside air system of a dual-path system 
provided insignificant overall advantage, apparently owing to an interaction with the 
centra l cool ing system. Although HV AC electrica l energy usage and demand improved 
at the reduced room dew-point control settings, site-to-site changes in heat ing and cooling 
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loads were observed to influence electrical energy usage and demand as much as room 
dew~point set-point did. The complications of finding the magnitude and cause of 
cooling load components prevented the drawing of any common conclusions on the net 
advantages of the use of HPHXs and lowered room dew point. 
Hill and Jeler [36] modelled the effect of a HPHX on air-conditioning performance 
through a combination of a complete HPHX thermal node model and a model for the 
HV AC system implemented through performance maps. This research was conducted at 
Georgia lnstitute of Technology, Atlanta. Major increases in moisture-removal capabi lity 
and efficiency through the application of this technology were seen improved in the range 
of 25%-55%. In comparison, the redesign of a conventional evaporator produced a 
nominal decrease in sensible heat ratio in the range of 25%-50% through the decrease of 
sensible capability but did not enhance latent capability or moisture-removal efficiency. 
This indicated that the application of a HPHX offered major improvements in humidity 
control and overa ll efficiency when compared to the usual practice of utilising a specially 
designed cooling coil in combination with reheat. 
McFarland et al. [37] conducted an experimenta l investigation to determine the effect 
of a HPHX on the performance of a conventional residential air-conditioning system 
located in the southeastern United States. The objective was to determine the effects of 
the HPHX on dehumidification, the amount of auxi liary reheat needed to maintain the 
room temperature and RH, and the latent energy-efficiency ratio* of the HV AC system. 
In add ition, a simple economic analysis of the HPHX was carried out. The study was 
conducted in three systems: an enhanced system with the HPHX installed, a conventional 
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system with the HPHX removed and the airflow subject only to typical restrictions, and a 
dampered system with the HPHX removed but dampering added to return the airflow to 
the same value as when the HPHX was installed [37]. For the nominal room temperature 
at 22°C and 50% relative humidity, the I-IPHX increased the dehumidification by 62%, 
decreased the sum of reheat energy needed by 20%, and increased the latent energy-
efficiency ratio by 90%. In addition, for an annual operation of 1,000 hours, the simple 
payback period for the HPHX was four years versus the conventional system and a little 
over five years versus the dampered system. Based on these results, the application of a 
HPHX in a conventional HV AC system was recommended as an efficient means for 
controlling RH and reducing the total of reheat required to maintain acceptable room 
temperature and RH. 
The impact that a HPHX has on the electrical energy usage (kWh) and the peak 
demand (kW) of a CUiTent HV AC system was studied by Mathur [38]. This complete 
performance study was conducted using the climate conditions for St. Louis, Missouri for 
annual operation of the HVAC system with a HPHX. For the hot season, analysis was 
carried out with and without indirect evaporative cooling. The resu lts showed that 
retrofitting the current HV AC system with a HPHX saves 22. 1 kW of energy 
consumption. The energy savings for the maximum demand with indirect evaporator 
installed is $2452/yr. The total operational savings/year (i.e. heating, cooling and 
maximum demand) with indirect evaporator installed is $6946. The additional water cost 
for indirect evaporative cooling is $. 16.72/year. The payback period for thi s system just 
mentioned is 0.84 years. In a separate study, Mathur [39] again examined the impact 
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that a HPHX has on the electrical energy consumption and the peak demand on a current 
HV AC system. tn th is case, a detailed performance study was conducted for a number of 
cities for annua l operation of the air conditioning system with HPHX. Heating degree-
days and cooling hours [40J were applied for est imating the power savings with the 
HPHX. In order to determine the true power savings, a more realist ic means was to apply 
the BIN weather data (40]. Mathur [39] deve loped a computer program that calculated 
the power savings by using the BIN weather data. 
The research was conducted for 33 American cities with widely different cl imates and 
the results were rep0l1ed in th is technical paper. For cities with colder climates such as 
Chicago, the heating operation energy savings at 0.28 kWh comprises the main part of 
the total annual energy savings of 0.3012 kWh. For cities such as Miami located in the 
southern regions of the United States where the climate is mi ld, the main part of the 
energy savings at 0.0776 kWh were achieved during the winter season. The result 
showed that the heating and cooling loads for the HVAC system reduced by 60.7 kW and 
159.62 kW respect ively. For hot season, the installation of the HPHX in the HVAC 
system caused a diversified power peak demand reduction by 16 kW. The final economic 
analysis implied that a simple retrofit on a current HV AC system could pay for itself in 
less than 12 months. Based on th is research, it was suggested that electri c uti lities apply 
th is technology as a demand-side management approach for saving e lectrica l energy and 
peak power demand. 
Relative humidi ty control in HV AC systems is a key factor in maintaining indoor air 
quality at an acceptable level. However, a great dea l of reheat energy is required to 
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control relative humidity using conventional reheating coi ls. For energy efficiency 
enhancement, a wickJess HPHX was invest igated using a Hilton Air-Conditioning 
Laboratory Unit [4 1]. The experiment involved aspects of the HPHX, including 
temperature effectiveness, energy recovery capacity and relative humidity control of 
supply air. The results showed that the enhancing cooling capacity for chilled water coil s 
could be Found in a range from 20 to 32.7%. Also, the relative humidity of the air flow 
after going through the HPHX condenser could be decreased to the range of 70-74% from 
92-100%. This means that HPHX could be an advantageous substitution for typical 
reheat coils, resulting in power savings and increasing the cooling capacity of the cooling 
coils with insignificant external energy required. 
The performance of an existing 17.6 kW HVAC system with an energy efficiency 
ratio (EER)* of 8 has been simulated by retrofitt ing it with a HPHX to enhance cool ing 
and moisture remova l capability [42]. Weather data for Dallas [43] was applied for this 
study. This study indicated that by retrofitting a current [7.6 kW HVAC system with a 
HPHX, additional moisture of 2.23 gls would be removed from the chill ed water coil. 
According to the simulations, the added cooling and dehumidification would result in an 
improvement in the perfonnance by 96%, i.e., an improvement in EER from 8 to 15.7. 
For the system investigated, a HPHX retrofit would pay for itself in less than 12 months. 
On the basis of thi s specific study it was suggested that HPHXs might be applied 
generally to enhance dehumidification, reduce power consumption and peak demand for 
HV AC systems in Ihe residential and industria l sectors. 
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2.4.2 The study of evaporative cooling systems used in conjunction with HPHXs 
Saman [44] examined the potent ial application of a HPHX for indirect evaporative 
cooling with heat recovery for fresh air pre-heating. The thermal performance of a 
HPHX consisting of 48 wickJess heat pipes arranged in 6 rows was studied. The 
experiments were conducted in a test chamber in which the dry-bulb temperature and 
relative humidity of both air streams could be controlled and recorded before and after 
the HPHX. Evaporative cooling was accomplished by spraying the condenser sections of 
the wickless heat pipes. The parameters considered include the wetting arrangement of 
the condenser section, flow ratio of the two flows, original temperature of the main flow 
and the inclination angle of the wickless heat pipes. 
The resu lts indicated that the cooling perfonnance factor* in the range of 0.55-0.84 
increased to the range of 0.65-0.88 with the increase of the evaporator inlet temperature 
from 27.0 to 4 1.5 0c. For the effectiveness*, the results showed that the effectiveness in 
the range of 0.25-0.66 increased to the range of 0.27-0.83 with the increase of the 
evaporator inlet temperature from 27.0 to 4 1.5 °C. This implied that indirect evaporative 
cooling with this approach decreased the fresh air temperature by a number of degrees 
below the temperature drop achieved when using dry air alone. 
The principle of indirect evaporative cooling was also used with an air-to-air HPHX 
system to enhance the pre-cooling effectiveness of the heat exchanger [45]. Several types 
of evaporative cooling modeling processes, which may be appl ied with HPHXs, were 
discussed. The performance of the process with and without evaporative cooling for the 
summer season was studied and the results were presented. Computed resu lts implied the 
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cooling tonnage and power savings would be saved 38% and 43% respectively; and an 
annua l peak demand savings of $2444 if the indirect evaporative cool ing principle was 
applied to a HPHX system. 
The performance of a direct-indirect evaporative cooling system in conjunction with 
air-to-air HPHXs was reported by Mathur [46]. The system with and without evaporative 
cooling was simulated and the results implied that by using evaporative cooling, the pre-
coo ling of the air was enhanced because the supply air temperature has been lowered to 
19.2 °C from 28.2QC, resu lting in savings cool ing tonnage and power costs of 36% and 
37% respectively, and also savings peak demand charges of$3949 per year. 
2.4.3 The uncertainty, effectiveness, pressure loss and miscellaneous studies for 
HPHXs 
Measured data recorded from in-situ testing of both heat pipe and energy wheel 
recovery devices were reported by Johnson et at. [47]. The aim of the tests was to 
acquire field data on the performance of conventional insta lled air-la-a ir heat/energy 
exchangers. Because abso lute humidi ty changes measured were insignificant, only the 
sensible energy effectiveness· was rep0l1ed. Uncel1ainty analysis was conducted on the 
data with special interest paid to the uncertainty resulting from non-unifOlID temperature 
distributions in the ducts. These variations were recorded to be as large as 4 K in one 
supply duct and below 0.1 K in some othel' ducts. Uncel1ainty ana lysis was applied to 
detennine the most precise approach to compute the effectiveness. In both site studies, 
the average of the supply and exhaust air stream effectiveness gave the smallest 
uncertainty. This smallest uncertainty indicated that cross-leakage between the supply 
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and exhaust air streams in the site study was negligible. The average measured 
effectiveness of the 16·day study time for the I-IPHX was 58%± II %, and the average 
measured effectiveness of the 14·day study time for the energy recovery wheel was 
74%±8%. These effectiveness uIlcel1ainty levels were rather greater than the typical 
uncel1ainties for laboratory experiments conducted by Simonson et al. [48] and Guo et al. 
[49], which was typically below ±5%. 
Air·to-air HPHXs were investigated using ASHRAE Standard 84- 199 1 [50] as a guide 
[49]. Some modifications were introduced for the experimental set·up and approaches of 
comput ing effectiveness. "ASME PTC 19.1 - 1985 [51] was used as a guide for 
uncertainty analysis" [49]. Experiments were conducted for a range of mass flux [1.574 
to 2.9 12 kgl(m2·s)], mass flow rates ratios (0.6 to 1.85), dry·bulb temperatures of the 
supply air (-10 °C to +40 °C), and HPHX inclination angles (_8.9° to 11.2°). Since 
humidity ratio variations in the exhaust and supply air streams were insignificant, only 
the sensible and total energy effectiveness were measured. Measured and computed 
results indicated major changes in the effect iveness of sensible and total energy, and 
uncertainties with every independent variable. For equal exhaust and supply flow rates at 
-10 °C supply air temperature and 1.574 kgl(m2·s) mass flux, the measured effectiveness 
for sensible and tota l energy was determined to be 0.48 and 0.44, respectively, with 
uncerta inties of 0.057 and 0.052. These measurements reduced to 0.42 and 0.37, with 
uncertainties of 0.0 16 and 0.018 for a mass flux of2.912 kgl(m2·s). Since water vapour 
condensation influences were insignjficant or small, there was no difference in terms of 
effectiveness for the sensible and total energy theoretically. However, results shown by 
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Guo et. al. [49J indicated that Ihe energy effecti veness was not the same for computed 
tota l and sensible effectiveness. This was attributed to the fact that sensible effectiveness 
required onl y mass flow rate and temperature dala, but the total effectiveness required 
mass flow rate, temperature and humidity data. Since humidi ty sensors bear reasonably 
high bias and precision errors compared to temperature sensors, the uncel1ainty limits for 
total effectiveness were somewhat bigger than the sensible effectiveness . According to 
counter-flow HPHX theory. and convective heat transfer formulae, equations were 
presented to calculate the effectiveness data between and beyond the measured data 
points. These effectiveness expressions, which represented the change in effectiveness 
with a number of independent functioning variables, were applied for HVAC design that 
was intended to accomplish minimum life-cycle costs. 
Riffat and Gan [52] reported that the performance of three types of HPHX unit for 
naturally ventilated buildings was studied in a two-zone testing rig with a horizontal 
dividing wall. Air velocity was observed to have a major effect on the effectiveness of 
heat recovery. The effectiveness reduced in the range of 48%-65% with increasing air 
velocity from 0.26-4.42 m/s. The designs of fins and pipe arrangement also have an 
influence on the effectiveness. The effectiveness for pla in fins in the range of 32%-48% 
is much higher than the effectiveness of spine fins which is in the range 8%-28%. The 
effectiveness of the in-line HPHX, in the range of 22%-36% is slightly higher than the 
effectiveness of the staggered I-IPHX, which is in the range of 18%-30%. 
Riffat and Gan [52] also reported that the pressure loss expressions of HPHX units 
were calculated using computational fluid dynamics (CFD). It was observed that at low 
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air veloc ities for natural ventilat ion the pressure loss coefficient reduced in the range of 
4.0-8.5 to 3.6-6.2 with increasing air velocity from 0.5- 10 mls. 
Also, a similar study was carried out by Gan and Riffat [53J in which the performance 
of a HPHX unit was investigated in a two-zone testing rig using a horizontal pal1ition. 
Again , air velocity was seen to have a major effect on the effectiveness of heat recovery. 
Results showed that the effectiveness was reduced in the range of 47%-64% to 22%-35% 
with increasing air velocity from 0.5-4.5 mls. Simulation of airflow was conducted for 
the testing rig under natural ventilation conditions. This means that a HPHX could be 
applied to recover exhaust heat in naturally ventilated buildings to achieve energy 
savmgs. 
In another similar study, the effectiveness and pressure drop of four types of HPHX 
unit for natura ll y ventilated buildings were investigated by Gan and Riffat [54]. The 
effectiveness of the HPHX units was examined in a two-zone testing ri g. The results 
showed that at the same air velocity the heat recuperation was in the range 16% to 17% 
more efficient using a two row HPHX than when using a one row HPHX. The pressure 
loss coefficient of the HPHX units was calculated with computational fluid dynamics 
(CFD) and experimental measurement. The measured pressure loss coefficient for 1-
bank HPHX, in the range of 1.5-2.4, was lower than the prediction which is 3.8 for 
velocit ies above 1 mls; the measured pressure loss coeffic ient for 2-bank HPHX, in the 
range of3.8A.8, was lower than the prediction which is 5.0 for velocities above 1 m/s. 
In addition, CFD was applied to investigate the perfonnance of a solar chimney for 
heat reclaim in naturall y venti lated buildings. When the cooling influence of the HPI-lX 
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in the chimney was considered, the predicted ventilation rate would reduce further. The 
predicted ventilation rate was 0.045 m1/s when the HPHX installed, a net reduce in 
venti lation rate of 0.020 mJ/s compared with the non~cooling influence case (0.065 mJ/s). 
Heat recovery is hard to apply in pass ive stack vent ilation since the pressure loss is 
typically too high in conventional heat exchangers compared with the stack pressure. An 
experimental study and computer simulation was conducted on a low pressure~loss heat 
recovery device based on heat pipes that would be appropriate for use in passive stack 
systems and other systems where a low~pressure loss is required [55]. It was seen that 
heat recovery effect iveness was reduced with increasing air velocity. Heat recovery 
effectiveness of ncar by 50% was achieved with a sing l e~bank plain~ fin unit and the 
effect iveness of a doub le bank unit was 40% higher than that of a single bank unit. Lt was 
also observed that the pressure loss coefficient reduced as the velocity rose but the 
decrease was about 10% over the whole range of common ve locities in natura l venti lation 
systems. These authors found that the pressure loss across the plain fin unit was on the 
order of I Pa at a flow velocity of I mls. The wire fin and plain fin type HPHX units 
performed much better than other types examined in this research. 
Yau and Lee [56) reported on a theoreti cal and experimental study of the thennal 
performance of wickless HPHXs. A computer simulat ion program, based on the existing 
experimental test duct, was developed to simulate and predict the outcome of the 
experiments. This computer program, utilising Microsoft Visual Basic 6.0 software, was 
developed based on the effectiveness-NTU method and used the concept of iteration to 
estimate and predict the temperature distribution across the HPHX, as well as its thermal 
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perf01mance. Also, several experiments were calTied out under different operating 
conditions by varying the parameters in order to determine and investigate their effects on 
the thermal perfonnance of the HPHXs. 
Yau and Lee [56] also mentioned that the overall effectiveness ranged from 1 5%~65% 
when the velocity is vary ing from 0.5-3.0 m/s. When the HPHX row number increased 
by two, the overa ll effectiveness generally increased in the range of 6% to 12%. It was 
seen that the experimenta l va lues for the overall effectiveness genera ll y were higher by 
20% than those predicted from the simulat ion. 
In a separate study, Yau [1 7] investigated the thermal performance of wickless 
HPHXs for natura l-ventilated buildings using a modified version of the computer 
simulation program developed by Yall and Lee [56]. In this study, the temperature 
distribution across the HPHX and its thermal performance for the use in natural-
ventilated buildings were predicted. The overall effectiveness of a HPHX used in 
natura l-ventil ated buildings was also stud ied in thi s research. The resulls showed that the 
overa ll effectiveness ranged from 8%-78% when the velocity is varying from 0.5~3.0 mls. 
When the HPHX row number increased by two, the overall effectiveness generally 
increased in the range of 6% to 20%. 
Noie~Baghban and Maj ideian [57] conducted resea rch on the theory, design and 
construction of heat pipes, in particular their application in HPHXs for heat recovery, the 
decrease of air pollution and environmental protection. A HPHX was designed and 
constructed for energy recovery in hospitals and laboratories, in which the air must be 
changed up to 40 times per hour. In this investigation, the characteristic design and heat 
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transfer restrictions of single heat pipes for three types of wick and three working fluids 
were studied, fi rst ly througll computer simulation. Manufacture of heat pipes, including 
cleaning, installing the wick, evacuating the heat pipes, fi lli ng the fluid and insta llation of 
fi ll ed heat pipes, was also conducted. After achieving a suitab le heat flux, the air-to-air 
3-row HPHX consisting of eight individual heat pipes was designed, manufactured and 
examined under low temperature (15-55 DC) operating condit ions with methanol as the 
working flui d. Experimenta l results for absorbed heat by the HPHX evaporator at 84.5 
W were in good agreement with the theoretica l heat transfer rate at IOOW obtained from 
computer simulation. 
2.S Concluding summary 
HPHXs are proven to be able to recover heat or coolness in HV AC systems as 
revealed in literature reviews from almost all research work since 1970. However, most 
research work on HPHXs fo r HVAC heat or coo lness recovery and dehumidification 
enhancement has been performed in North America, Britain and Australia. Almost all of 
this research is concerned with the use of HPHXs to recover heat or coolness from the 
return ai r of general commercial bui ldings. Literature reviews reveal that only one study 
has been conducted on the use of HPHXs to recover heat from the exhaust a ir of 
operating theatres. In addit ion, the literature review revea ls that only limited research 
work on use of HPHXs for HV AC heat or coolness recovery has been done in subtropical 
and tropical cli mates, and therefore, more HPHX research work for HVAC app lications 
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must be carried out in these areas as tropical countries such as Singapore, Malaysia, 
Thailand, Brunei and Indonesia are experi encing rapid economic growth. 
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Chapter 3 
THE PERFORMANCE STUDY OF A WET SIX-ROW HEAT PIPE HEAT 
EXCHANGER OPERATING IN TROPICAL BUILDINGS 
3.1 INTRODUCTION 
To gain an initial understanding of HPHX behaviour under the conditions that might 
arise in HV AC systems in tropical climates, the overall effectiveness of a wet 6-row 
wickless heat pipe heat exchanger (HPHX) for tropical building HVAC systems was 
simulated using a computer simulation program. This computer program, utili zing 
Fortran source code, was developed based on the effectiveness-NTU method together 
with the Ridge Model [58J for predicting the film condensation and uses a row-by-row 
iterative procedure to predict the temperature distribution across the HPI-IX and hence its 
overall effectiveness. This method was used to predict the temperature distribution 
across the HPHX because the evaporator and condenser temperatures would be changing 
from row-to-row across the HPI-IX as shown in Fig. 3-1. The effects of inclination angle 
and inlet evaporator relative humidity on the surface heat transfer coefficient for the 
I-IPHX were determined theoreticall y using the TRNSYS Type98 component. In 
addition, the wet HPHX effectiveness was studied experimentally and is also described in 
th is chapter. 
Achieving acceptable humidity control is a never-ending war in a tropical hot and 
humid climate, such as that in Malaysia. As mentioned by Reay [59], fo r many years 
wickless heat pipe heat exchangers (HPHXs) have been appl ied as energy savings 
devices in HV AC systems in Western countries. Despite their many virtues, HPHXs 
have not been applied in tropical countries, at least in Malaysia, Singapore and Brunei. 
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One reason may be that surface condensation effects, which are perceived as a major 
penalty for utilizing HPHXs in tropica l HVAC systems, will cause a drop~off of total 
effectiveness value [60]. Condensation is potentially more ofa problem for a HPHX than 
other heat exchanger types because condensate will be more like ly to accumulate on the 
fins due to gravitational force as mentioned earl y in Chapter I. 
;- ;-- ;- ;- -
(T,)I (T,), ~ ~ (T,), 0, 0, 0, 0, (I()j::n (IC)j::n+l .-- 0, 1..----'-
o. o. o. 0, 
(T,)I (T.), (T,), (T.). (T,), --+ 
. I , , I 
j = 1 j = 2 j = 3 j=4 J =n 
T, Condensel· zone temperat ure (KJ 
T, Evaporator zone temperature IKJ 
" 
Condensel· zone exchanger effectiveness 
'. 
Evaporator zone exchanger effectiveness 
j succeeding plane 
n lIumbel· of row 
Fig. 3- 1 Schematic diagram for modelling a HPHX with n~rows of 
heat pipes [1 7] 
Literature reviews reveal that there are onl y two studies on HPHX. condensation and 
they were conducted by Wadowski et al. [60] and Prager and Sun [61J in seasonal 
countries (dry and cold climates). Despite the strong evidence suggested by Wadowsk.i et 
a!. [60J and Prager and Sun [6 1] that condensation on fins of a HPHX might have an 
effect on the overall effectiveness, no independent theoretical and experimental studies 
have been conducted to examine the effect on the overall effectiveness of film 
condensation on a HPHX operating in tropica l HV AC systems. To this end, the specific 
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investigation described in this chapter has been conducted. The a im is to determine the 
effects of film condensation on fins of a HPHX and provide relative humidity and heat 
transfer coefficient data, which might be app lied in HV AC designs for tropical countries. 
The advantages of HPHXs over conventional heat exchangers operating in tropical 
HVAC systems were mentioned early in Section 2.2. A schematic of a HPHX operating 
in a typical tropical HVAC system was shown in Fig. 2-4. 
3.2 T HEORETICAL ANALYSIS 
Because the physics of the heat transfer outside as well as inside the heat pipe are very 
complicated in nature, the heat transfer correlations that are applied below are empirical 
equations rather than theoretically justified heat transfer laws. To compute the thermal 
performance of a HPHX, heat transfer equations and correlations, except the expression 
for the effecti veness,sh~or ee' from Yau [1 7] are adopted in the present research as 
presented in the next paragraph. Note that an erroneous expression for the 
effectiveness, s,,,' of a counter-flow heat exchanger was used in [1 7]. The correct 
expressions below [62J are used in the present analysis. 
Figure 3- 1 shows an air-la-ail' counter flow HPHX with il - J'OWS of transversely spaced 
heat pipes an'anged in a longitudinal directi on. In a HPHX with n-rows of heat pipes in 
the direction of flow, the overall effectiveness of the evaporator (or condenser) is given 
by E. Azad and Geoola [63]: 
(<<)jo! ;< (<<)j-l ;< . ..... .... ;< (<<)j_" ---------------------------------(3. 1) 
«" ~ 1 - {I - (<<)j. ,j {I - (<<)j. ' ) . .... . ... {I - (<<)j _,,) -----------(3 .2) 
The equations above can also be written in similar manner for the condenser sections. 
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To compute effectiveness, chx ' the expressions below [62} are used. 
I -exp[-NTU( I - em;, )] 
_
__ ~ __________ ~e~m~,~' c-__ 
c/,< = 
I _ (em;, )exp[-NTU(I - Cm;,)] 
Cm"" CIII.1J( 
(for Cm;, < I )------------------------(3.3) 
Cm~ 
NTU 
E -/" - I +NTU 
(lor C m;, = I ) _____________________________________________________ -------(3.4) 
CmM 
where NTU is the number of heat transfer units, Cmin is the capacity rate ( m Cp ) of the 
fluid hav ing the smaller capacity rate and CIIIW: is the capacity rate of the fluid hav ing the 
larger capacity rate+. 
The number of heat transfer un its for the evaporator section of a s ingle row of heat 
pipe heat exchanger, (NTU)J. is presented by the fo llowing equation, by Kays and London 
[64], 
(NTU,) , = {U ~~" ), --------------------------------------------------(3.5) 
where (C, ), = Vu. C ~ }, --------------------------------------------------------(3.6) 
(m,) = (p,A fr" ), --------------------------------------------------------(3.7) 
The density of the ai r, (Pe)j> and its specific heat, (Cpe)j. fo r the evaporator sectio n, in 
the equations above are functions of temperature, and be written as, 
(p,) j = 3.48 X 10-) ( ;, ), --------------------------------------------(3.8) 
(C ,, ), = 1030.1 - 0.1 9762(T.J j + 3.947 x I O~ (T.J/ ------------ (3.9) 
where Pa refers to the atmospheric pressure, which is equa l to 10 1325 Nm-2 . 
.. in the circumstances being modelled here (that is, the in let temperatures orthe two nu ids and 
their now rates being known), the alternative Log Mean Temperature Dirrerence (LMTO) 
approach to heal exchanger analysis is not explicitly solvable. 
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In order to ca lculate the total heat transfer area for the evaporator section, in equation 
(3.5), the equation below is used, 
for j ~ 1,2,3, .. ..... ... -------------------------------------(3 .11) 
where N1r refers to the number of heat pipes in the transverse direction. 
By considering the evaporator section for a n-l'Ow HPHX, the sign ificant thermal 
res istance of the )-th row thermosyphon , is presented as foll ows, by Dunn and Reay [22] 
and also Holman [62], 
I (R,J j ~ - - ----------------------------------------------------- (3 .1 2) 
1]Mh~o 
Since the total surface temperature e ffectiveness of the evaporator section, 'Il eo. is 
affected by the influence of thermal cond ucti vity, fin thi ckness and fin length, therefore, 
it can be estimated from the equation below, by Kays and London [64] , 
(~,Jj ~ {I- ~f' (I - ~ J ----------------------------------------(3. 14) ~o f j 
The fin efficiency o f a rectangular profile can be determi ned as below, by Holman [62], 
tanh mLe ~ ~ ----------------------------------------------------- (3.15) Ie mLe 
where m~ -------------------------------------------------------(3. 16) 
Hence, the overall heat transfer coefficient for the evaporator section is defined as, 
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{u. t = (RN + AN R", )-' ------------------------------------------- (3.1 7) 
The external heat transfer coefficient for air normal to a staggered finned tube bank is 
given by E. Azad et al. [65]. 
(11m) 1 = (Sf 0 C"")I ----------------------------------------------(3. 18) 
(Sf PI" ~» )I = (C,. Re -, .. )1------------------------------------------ (3. 19) 
In order to use equat ions (3.18) and (3.19), the Reynolds and Prandt l numbers are defined 
as be low, 
{Re)1 = (0, 0) _______________________________________________ (3.20) 
JJr j 
(PI") j = ( C ~:. ) 1 -------------------------------------------------- (3.21) 
where 
1.459 x 10-< (T' )I ,., (.u) = ---------------------------------------- (3.22) 
1 I 10.7 + {T.)I 
2.561 x 10-' (T ). ,., {k.)1 = • , ---------------------------------------- (3.23) 
205.7 + {T' )I 
To obtain the value of ell for finned tube bank, in equation (3. 19), as proposed by 
Zhukaukas [66] . Table 3- 1 is used. 
Table 3-1: Proposed Cl!. value 
He ra nge 20~e<500 500sRe<10000 10000sRe<200000 200000~e 
C, 0.245 0.400 0.043 0.007 
Source: Zhukauskas [66] 
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Likewise, all the same equations mentioned above, i.e. from (3.1) to (3.23), is used to 
derive the effectiveness of the HPHX condenser section , (&c)j. The only difference is in 
the usage of subscript-c for the condenser section. 
Therefore, the overall effectiveness of the j-th row, (~)j, for the HPHX, is determined as 
follows, 
I (sJ j ~ I C I C --------------------------------------------(3.24) 
__ + c • 
k)j (E.l) 
I (sJ) ~ I C IC --------------------------------------------(3.25) 
__ + • c 
(oJ) (E.l j 
Consequently, the same equations, (3.24) and (3.25), are used to detennine the total 
overall effectiveness of the whole n-l'Ow HPHX, (So), by using equation (3.2) to calculate 
the overall effectiveness for both the evaporator and condenser sections. This can be 
summarized and presented as, 
I (Eo) ~ ---------------------------------------------(3.26) 
I CJC. 
--+ kJ (s.J 
I (E ) ~ ----------------------------------------------(3 27) 
o 1 ~/~ . 
--+ kJ (s.J 
For Ce > Ce, and using ( Eo)j fi:om [3.24), 
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(T) . ~ (. C, ) (T ) +(I _.C,) (T) .---------------- (3.28) 
e ; +1 0 C e j+l C e ; 
e } e j 
For Ce < Cr;, and using (co)j from [3.251, 
(T, ) j ~ (~,.,) (T,) j + (1-~,.,) (T.) j" - - ---- --- - ---------- - (3.33) 
eCe j eCe j 
All the row~by~row temperature di stribution equations above are primarily derived by 
E. Azad et al. (65] and modified by Yau et. al. [19,23,24] fo r adapting to the current 
specifications, which define the effectiveness by temperature differences across the 
evaporator and condenser sections respecti vely. 
( " ) j ~ (;~: c-(;~t ------ ------------------------------------ (3.34) 
( " ) j ~ (T, ) j - (T,) j " __________________________________ ___________ (3.3 5) 
(T, )} - (T') j" 
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For C" < Cr;, 
(&, ) j = (T,» ) - (T,) j.' __ ______________________ ____________________ (3.37) 
(T, ») - (T.» ) 
In order to compute the thermal resistance of the film condensat ion on fins, the 
equations below are adopted from Gerstmann and Griffith [58] for calculation of the 
average heat transfer coefficient, It . 
(p )i 
[ ]
3/2 gcosBpl 1 - Pv l r. Cf Ra - Jg 
- k,pD.T . g(p, - pJco,O -------------------------------------(3.40) 
where Ra is the modified Rayleigh number defined in equation (3.40). (} is the inclination 
angle from a horizontal plane, PI is the liqu id density [kg m-3], p" is the vapor density [kg 
m-
3] , Itfg is the heat of vaporization [kJ/kg.K], 0' is the surface tension [N/m], k, is the 
liquid thermal conduct ivity [W/m.K], /-l is the liquid viscosity [N .s/m2] . iJT is the 
saturat ion temperature minus wall temperature [K] and g is the acceleration of grav ity 
[mI,' ]. 
Nu = 0.8I(Ra)o.'93 ; 1010 > Ra> lOs 
Nu = 0.69(Ra )O.20 ; lOa> Ra 
hLf -
--= Nu 
k 
----------------------------------------------(3 .4 1 ) 
----------------------------------------------(3 .42) 
----------------------------------------------(3.43) 
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where Nil is the Nusselt number defined in equations (3.4 1) to (3.43), LJ is the length of 
the fin Em], and k is the thenna! conduct ivity [W/m.K] of the moist air. 
To further investigate the way in which the heat transfer coefficient might be affected 
by condensate on the fins, a HPHX model (Type98) was developed in TRNSYS 
(Transient Systems Simulation Program) incorporating this model (included as Appendix 
B). The results generated from this TRNSYS model, for heat transfer coefficient versus 
inlet evaporator temperature and inclination angle, arc presented and discussed in Section 
3.4. The detail s for this TRNSYS simulation are attached in Appendix C. 
The fo llowing assumptions are made for the computation and simulation of the 
therma l performance of the HPHX: 
l. For a vertical HPHX, cosO = 1 and the Ridge Model [58J is assumed valid for 
the above computation. 
2. The variation in air specific heat around the testing rig is insign ificant. 
3. The theoretica l TRNSYS model assumes that the evaporating or condensing 
cycle within the heat pipes is essentially an isothermal process. 
3.3 Experiments 
A special test rig was set-up and constructed according to the ASHRAE Standard 41.2 
[67] in order to study the thennal performance of the HPHXs. The test rig is comprised 
of two air ducts: one for the supply air (hot and humid air); and the other for the 
overcooled air as shown in Fig. 3-2. 
A temperature moni toring system was installed to measure and determine the 
temperature at several significant points in the test rig. Four distinct planes were selected 
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in the testing rig to record temperature readings as shown in Fig. 3-3 and the details of the 
experimental set-up may be found in Appendix D. The DasyLab Data Acquisition 
System was applied to monitor the temperatures. Note that the inlet hot air is drawn from 
outdoors under uncontrolled conditions and the inlet cold air is supplied by the in-house 
air conditioning plant under controlled conditions. 
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Fig. 3-2 Schematic diagram of the ASHRAE Standard testing rig for 
the HPHX [56]. 
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Fig. 3-3 Planes where temperature measurements were taken using 
Type K thermocouples. 
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3.4 Resu lts and Discussion 
The following sub-sections desclibe and discuss the HPHX model predictions and 
experimental studies analysis. The model predictions will be reviewed first in Sub-
section 3.4.1 and the experimental analysis will be discussed later in Sub-section 3.4.2. 
3.4.1 Model PredictioDs 
Under the assumptions described in Section 3.2, it was observed that the surface heat 
transfer coefficient for the condensation layer, between hot and humid air and the fin 
surface increased from 644 to 754 W/m2.K as the HPHX incl ination angle increased from 
10° to 80° (Fig. 3-4a). This result implies that there would be advantages (on the order of 
15%) in using a large inclination angle. It is pertinent to note that this increase mainly 
happens between 60° and 80° and that this is an increase in just one component of the 
overall conductance circuit between the hot and cold air. Based on this simulation, 
smaller incl inations or up to 45°, say, would have a negligible effect on the HPHX 
perfOimance. 
For the fixed air inlet conditions with the HPHX tilted at 15°, the same heat transfer 
coefficient increases from 430 to 690 W/m2.K when relative humidity of the inlet HPHX 
evaporator increased from 30 to 70% as shown in Fig. 3-4b. The relatively large increase 
at the higher RH range (60-70%) reflects that the energy release aris ing from the 
condensation process. This means that the condensation layer fonning on the HPHX 
evaporator fins plays a major role on the increase of heat transfer coeffic ient under these 
humid conditions. 
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In add ition, the model was applied to exam me the effect on the HPHX overall 
effectiveness by varying the velocity of either or both hot and cold air streams. These 
resu lts are shown in Figures 3-5a to 3-5d. The comments on the experimental data in 
these figures, and the differences between the experimental and simulation data are 
rev iewed shortly in Sub-section 3.4.2. 
The effectiveness has been plotted in tenns of capacity ratio, Cmin , consistent with 
C_ 
normal practi ce. It is ev ident that these results in Figures 3-5a to 3-5d suggest that for 
Cmin/Cmax < I, the overall effectiveness increases, and at Cmin = Cmax, the overall 
effectiveness is at a minimum. Notc that these effectiveness trends are in good agreement 
with the standard effect iveness-NTU charts for any type of heat exchanger. 
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C. 
Unfortunately, the ~ for heat exchangers used in the HVAC systems for exhaust 
Cm~ 
heat recovery is always very close to unity because the hot and co ld air streams will have 
the same mass flow rates and the specific heat of moist air is almost independent of the 
. . C 
aIr mOisture content. Therefore, the data for ---.!!!....!!.. values be low unity is re latively 
C= 
insign ificant in the present investigation. However, these data do present a better picture 
of heat exchanger perfonnance over a range of flow rates of the hot and cold air streams. 
Comparing Figs. 3-5a and 3-5d for Cmin = I , it is clear that increasing the velocity of 
C= 
the air stream can s ignificantl y decrease the effectiveness. It should be noted that the 
effecti veness for any heat exchanger, E, can be represented by the expression below [62]: 
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£ = q 0:' ---------------------------------------------------------------(3.44) 
qmax 
where qQCI is the actual heat transfer rate; q ~ is the maximum possible heat transfer rate 
and can be calculated using the expression: 
q ""'. = C min (Tiot/l - Tel") -----------------------------------------------(3 .45) 
where Thill is the inlet hot air temperature and Tdll is the inlet cold air temperature. 
Based on the continuity equation, higher velocities imply higher mass flow rates, and 
thus increasing velocity inevitably will increase Cm;II' The increase of velocity from 0.4 
to 1.6 mls suggests a four-fold increase in qrnax ' and therefore the decrease in 
effecti veness from 0.42 for the theoretical model at 0.4 mls to 0.28 at 1.6 mls. In turn, 
qucl will increase with increasing qmv: (see Equat ions 3.44 and 3.45). 
However, the increase of air face velocity would inevitably increase pressure drop as 
the a ir passes through the heat exchanger since the pressure drop is proportional to the 
square of velocity (1/2 pV2) [1 7]. As a consequence, the fan power inevitably wi ll 
increase with increasing velocity. 
The theoretical data has some scatter in Figures 3-5a to 3-5d. This can be traced to the 
fact that a particular value can result from two different conditions. For 
. C. . V V . 
mstance, ----!!!!.!!...= 0.6 could be calculated from either _c = 0.6 or _e = 0.6 (assummg that 
CnlaX Ve Vc 
changes in specific heat are insignificant). Note that each simulation value in these 
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figures is computed using as inputs fo r the inlet evaporator and condenser conditions 
from a cOITesponding experimental run. 
Therefore, the adjacent simulation data values in Fig. 3-5c, at Cmin = 0.6 1 and 0.65 
C
mQ 
(for instance), have each been computed separately, using the in let conditions ex isting for 
the two corresponding experimental data points plotted at the same two va lues of Cmin 
Cm• 
(i.e. 0.61 and 0.65) as inputs in each case. 
3.4.2 Experimental Analysis 
For all cases examined, the theoretica l data are slightly higher than the experimental 
data, except one point at C.nin = 0.25 in Fig. 3-5d, where the theoretical model predicts a 
CmQ 
lower effectiveness than measured. This trend may be attri buted to the fact that the 
theoretica l model assumes that the evaporat ing or condensing cycle within the heat pipes 
is essentiall y an isothermal process. When there is a total temperature difference of just 
10 to 12 K (indicated in th is case) between the hot and cold air streams, even a little 
temperature gradient along the heat pipe wi ll decrease the overall effect iveness compared 
to the model. 
In add ition, there was only a single temperature sensor at each measuring station in the 
experiment described in this chapter. Therefore, the lower theoretical model prediction at 
Cmin = 0.25 may be attributed to the non-unifonn temperature distribution across a duct, 
C_ 
especially downstream of the HPHX. Later experimental study described in Chapters 5 
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through 8 has provided better knowledge of the possible non-un iform temperature 
distribution across a HV AC duct. 
It is likely that some of these experimenta l values in Figures 3-5a to 3-5d are not 
highly precise. However, it would be irrational to anticipate that any such error would 
constantly result in under-measurement of the effectiveness. 
3.5 Concluding Summary 
In thi s chapter the overall effectiveness of a six-row HPHX utilised in tropical HVAC 
systems has been investigated theoretically and experimentall y. The surface heat transfer 
coefficient for the condensation layer between hot and humid air and the fin surface of 
the HPHX also has been studied theoreticall y. 
While more work could have improved this model so its predictions were closer to the 
experimental data, thi s model had limi ted application to the final objectives of this 
investigation, so additional refinement of the model was not carried out. Also, the 
experimental work was conducted under partiall y controlled conditions. Therefore, there 
was a limitation on the extent to which the accuracy of the model could be confirmed. 
Further experimental research under fully controlled conditions must be conducted to 
determine the reliable operating characteristics of the HPHX, and this work will be 
presented later (Chapters 5 to 8). 
Despite the constraints just mentioned, this model was satisfactori ly reasonable to 
apply in a preliminary simulation exercise to estimate the hour-by-hour air states as well 
as the energy consumption of a typical operating theatre located in a tropica l building, as 
described in Chapter 4, making use of the HPHX characteristics that have been 
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establi shed in the present chapter. This simulation study would be an important 
introduction to the application of the TRNSYS program. 
62 
Ph.D. Thes is Chaplcr 4 
Chapter 4 
USING HEAT PIPE HEAT EXCHANGERS FOR REDUCING ENERGY 
CONSUMPTION OF TREATING VENTILATION AIR IN AN OPERATING 
THEATRE IN A TROPICAL CLlMA n: - A SIMPLIFIED MODEL 
4.1 INTRODUCTION 
In hospitals, where the air must be changed at least 15 times/hour per ASHRAE 
recommendation [8J , humidity control is as important as controlling the space 
temperature. The energy implications of this are significant, especiall y for hospital 
operating theatres where the exhaust air nonnally is not permitted to be recirculated to the 
mixer. To design an energy-efficient system with proper humidity control to prevent 
uncomfortable, unhealthy and corrosive effects in hospitals located in hot and humid 
climates therefore has been a challenging task for HVAC system designers. A common 
means of relative humidity control in hospitals is to overcool the air to extract more 
moisture and then reheat it to a reasonable supply temperature. This method is inherent ly 
energy-inefficient and therefore cost ly since it requires a great deal of energy to overcool 
the air and then more energy to reheat it [37J. 
In this chapter the software package TRNSYS is utilised to estimate the air stales as 
well as the energy consumption of a typical operating theatre located in a building in a 
tropical climate. For the simulation, Typical Meteorological Year (TMY) data for the 
Kuala Lumpur area in Malays ia and an operating theatre in Univers ity Hospital, Kuala 
Lumpur are used. The impact on energy consumption of a custom-built AHU is 
simulated with 6-row HPHXs installed in the HV AC system compared to a sensible heat 
exchanger installed in the same system. As mentioned earl y in Chapter 2, the appropriate 
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energy exchange between 'd irty' exhaust air and fresh air has great potenti al to reduce 
this energy expenditure. 
In summary, then, the main object ive in this chapter is to use TRNSYS to simulate the 
psychrometric responses in different trop ical HV AC systems with or without an added 
HX. It must be emphasised, however, that at this stage the modelling representation of 
the HPHX is based on the experiments described in Chapter 3. In these experiments 
there was no control of the state of the warm humid air entering the HPHX. For this 
reason, the analysis described here enables necessarily limited comparison between 
possib le HV AC system types on the year~round impact on energy consumption and 
dehumidification in an operating theatre located in a tropical area to be predicted before 
actual retrofitting is done to the space's conditioning system. A secondary, but still 
important objective, is to gain famil iarity with TRNSYS. 
4.2 TRNSYS OVERVIEW 
TRNSYS is transient systems simulation software with a modular structure [68] and is 
applied in the present research for modelling the HVAC system and the building in which 
it operates. The modular nature of TRNSYS has allowed a partially verified HPHX 
model (Type 98) developed in Chapter 3 to be added into the TRNSYS programme. 
Because a HPHX model was not avai lable in the TRNSYS model library, Fortran source 
code was developed to represent the characteristics of the HPHX (see Appendix E). 
TRNSYS is very powerful in detai led analys is of systems whose characteristi cs are 
rel iant on the passage of time and is designed to simulate the performance of thermal 
power systems. The program is capable of solving complicated and large systems of 
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equations represented by Fortran subroutines [69]. Each Fortran subroutine contains a 
model for a system component. [n add ition, TRNSYS can be used together with IISiBat 
[70J, which can be roughl y translated from French as "Intelligent Interface for the 
Simulation of Buildings". This is a general simulation environment program that has 
been adapted to house the TRNSYS simulation software. The IlSiBat package is 
designed to handle all the necessary activities associated with TRNSYS. 
The modularity of the software allows the user to have as many heat exchangers, both 
sensible and 'total heat', cooling coils, psychrometric calculators, fans, external cooling 
coil controller and building (Type56) as necessary, in any desired configurations. For the 
present research, the operating theatre S (OTS) located on the third floor of the Operating 
Theatres Complex, as shown in Fig. 4-\, is modelled with SlMCAD [71] to create a 
PREBID file [72J. The OT8 is adjacent to two other conditioned spaces with onl y one 
external wall as shown in Fig. 4-1. The building description file is finally used to 
estimate zone temperatures, heating and cooling load of the systems as we ll as the 
response of HPHXs and any other HX to the tropical HV AC systems operating year-
round. 
Three different HV AC plant configurations are the subjects of these simulat ions; they 
have been labelled as Plants A, Band C in this chapter for convenient reference. Plant 
A, as shown in Fig. 4-2, is a pre-cooling coil system. Plant S, as shown in Fig. 4-3, is a 
single HPI-IX system, and Plant C is a double HPHX (two 6-row) system as shown in Fig. 
4-4. 
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Fig. 4-1 
Operating Theatre 8, 
University Hospital Kuala 
Lumpur (UHKL), Malaysia 
1.0 em: 1.3 m 
External wall 
Chapter 4 
Plan view of the model building - Operating Theatre 8 at 
University Hospital, Kuala Lumpur, Malaysia. 
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Plant A- Main HV AC components for simulating responses 
of a pre-cooling coil system. 
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The current HVAC systems for the operating theatre are shown in Fig. 4-5 [15] . The 
cooling and heating air states are input into the building through component connection + 
as shown in Figures 4-6 and 4-7. The processes and functions represented by these 
components in Figures 4-6 and 4-7 are summarized in Table 4-1. Intentionally it is the 
TRNSYS simulation model of Plant C which has been chosen for illustration here 
because it is the most complete of the three plants modelled. It incorporates all of the 
components (and their modular software representation) necessary for the equivalent 
models of Plants A and B (with the exception of the pre-cooling coil which is unique to 
Plant A). 
1 
Fig. 4-5 
2 3 4 
Section 1 : Intake Section 
Section 2 : Filter Section 
Section 3 : Chilled Water Coil Section 
Section 4 : Hot Water Coil Section 
Section 5 : Fan Section 
5 
Schematic diagram for the current Trane 0704 AHU 2-2MB 
in Operating Theatre 8, University Hospital, Kuala Lumpur, 
Malaysia. 
+ It should be noted that the double arrows indicated by the red-dotted lines in 
Fig. 4-6 represent two separate air streams (onefor the HPHX evaporator and 
the other onefor the HPHX condenser) in TRNSYS. 
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Typical TRNSYS components to simulate responses of HV AC 
systems - Plant C (see Table 4-1 for explanation). 
+ See footnote at page 68 
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Schematic diagram for typical TRNSYS components to simulate 
responses of HVAC Systems - Plant C (see Table 4-1 for explanation). 
Seefootnote at page 68 
Table 4-1 The Processes and Functions in Fig. 4-6 
Code or Label in Fig. 4-6 Description of Component or Function 
Process Represented 
Type89a TMY Data Reader This component reads TRNSYS 
TMY format weather files to 
determine outdoor air conditions 
(i.e. Statel DBT, RH and 
humidity ratio) for OT8 (type56) 
and Type98 (IIPHX-l). 
Type98 HPHX-l This component takes the 
entering HPHX evaporator DBT 
(i.e. State I DBT) as input to 
calculate the leaving HPHX 
evaporator DBT as output. 
Simultaneously, this component 
takes the entering HPHX 
condenser DBT (i.e. State7 DBT) 
as input to calculate the leaving 
HPHX condenser DBT (i.e. 
State8 DBT) as output. 
TYPE33c-4 Psychrometric Calculator This component takes entering 
DBT from the HPHX-l 
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(evaporator) and hum idity rat io 
from Type89a as inputs to 
calcul ate the leaving hum idity 
ratio, RH and DBT (i.e. State2) as 
outputs. 
Type98-3 HP HX-2 This component takes the 
entering HPHX evaporator DBT 
(i.e. State2 DBT) as input to 
calculate the leaving HPHX 
evaporator OBT as output. 
Simultaneously, this component 
takes the entering HPHX 
condenser DBT (i.e. State4 OBT) 
as input to calculate the leaving 
HPH X condenser DBT (i.e. 
StateS DBT) as outout. 
TYPE33c-S Psychrometric Calculator This component takes the 
entering DBT from the HPHX-2 
(evaporator) and humidity ratio 
from TYPE33c-4 as inputs to 
calculate the leaving humidity 
ratio, RH and DBT (i.e. State3) as 
outouts. 
Type263 4-Stage Cool Capacity Controller Thi s component takes the 
(Chilled water coil fl ow rate entering humidity ratio from 
controller) TYPE33c-S and the leaving 
humidity rat io and DBT from 
TypeS2b as inputs to calculate 
chi lled water flow rate as output 
for TypeS2b. 
TY PES2b Cooling Coil: Detailed Coil, This component models the 
Rectangular Fins perfonnance of a dehumidifying 
cooling coil using the 
effectiveness model. The user 
must specify the geometry of the 
cooling coil and air duct. Either 
annular fi ns or continuous flat 
plate fins may be specified. The 
model takes the inlet DBT, 
humidity ratio and chil led water 
fl ow rate as inputs to calculate the 
outlet DBT, humidity rat io and 
total cooli ng load (i.e. State4) as 
outouts. 
TYPE33c-7 Psychrometric Calculator This component takes the 
entering OBT from the HPHX-2 
(condenser) and humidity ratio 
from TYPES2b as inputs to 
calculate the leaving humidity 
ratio and OBT (i.e. StateS) as 
outouts. 
Type l2 l Heating Coil This heating coi l model contains 
a constant effectiveness heat 
exchanger and a control system 
that will bypass a fraction of the 
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hot side (liquid side) flow rate to 
the heat exchanger in order to 
keep the cold side outlet 
temperature (air-side) at or below 
a useNpecifi ed condition. This 
component takes the entering 
OBT and humidity ratio as inputs 
to calculate the leaving DBT, 
humidity ratio, and tota l healing 
capacity as outpuls. 
TYPE33c-6 Psychrometric Calculator This component takes the 
entering DBT and humidity ratio 
from Ihe Type l21 (Heating Coi l) 
as inputs to calculate the leaving 
humidity ratio, RH and OBT (i.e. 
State6) as outputs. 
type56 Operating Theatre 8 (OTS) Thi s component takes outdoor 
conditions (i.e. State I DBT and 
RH), cntcring OBT and RH (I.e. 
State6) as inputs to calculate the 
leaving DBT, RH and humidity 
ratio dHate7)' as outputs. 
TYPE33c Psychromelric Calculator This component takes the leaving 
OBT from the HPHX-! 
(condenser) and humidity ratio 
from type56 as inputs to calculate 
the leaving humidity rat io, RH 
and DBT ('i.e. Statein as outputs. 
4.3 Selection of Climatic Data 
The general climatic conditions of Kua la Lumpur, Malays ia, are mostly very hot year-
round with a weekJy average DBT at 24.1-29. 1 °C and RH of 39-60 % as shown in Fig, 
4-8. The maximum and minimum weekJy average OBT for Kuala Lumpur are shown in 
Fig. 4-9. It is observed that the year-round maximum weekly average OBT is at 27.8-
33.3 °C, and the minimum weekJy average OBT is at 21. 1-25. 1 °C. This means that the 
climatic conditions in Kuala Lumpur are constant ly hot year-round in comparison to 
Dallas, Texas, a typical city located in a seasonal cl imate. Note that Mathur [42] used 
weather data for Da llas to simulate the performance of an existing HV AC system by 
retrofitting it with a HPHX to enhance cooling and moisture removal capability. As may 
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be observed in Fig. 4- 10, the climatic conditions in Dallas vary widely throughout the 
year with a weekly average DBT of 4.0-30.8 °C and RH of 45.7-88.1 %. It is ev ident in 
Fig. 4- 11 , the year-round weekJy average maximum DBT is 7.7-36.3 °C, and the weekly 
average minimum DBT is - 1.0-25.0 °C for Dallas. These severe differences in climatic 
conditions between tropical and seasonal climates suggest that more HPHX research 
work for HV AC applications in tropica l areas must be carried out. Furthermore, the hot 
season in Kuala Lumpur is significantly longer than the hot season in Dallas, and 
therefore the pay back period will be significantly shorter in tropical climates than 
seasonal ones. 
For this reason, a Typical Meteorological Year (TMY) data file for Kuala Lumpur was 
downloaded from the TRNSYS website [73] and custom-bui lt into the TRNSYS weather 
library folder. The representative week (168 hours) shown in Fig. 4- 12 was then chosen 
according to the 1% ASHRAE Cooling Design method [43]. It was detennined that week 
24 of the TMY data file shown in Fig. 4-13 was closest to the 1% ASHRAE Cooling 
Design value (DBT = 33.8 °C, Mean Coincident WBT = 25.5 °C). The simulation is 
conducted with this representative week repeated (for a total simulation period of 336 
hours) as shown in Fig. 4-14 for convergence purposes. It is the second week's results 
(indicated by the red-dotted line) that are presented in this chapter. 
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are presented in the present research. 
4.4 Model Operating Theatre Construction 
, 0 
f 
:r 
CI> 
.~ 
1'5 
0; 
cr: 
TRNSYS Type56 is applied as a building component to simulate the air states of a 
tropical HV AC system installed with HPHXs or sensible HXs that supplying comfortable 
and healthy air to the operating theatre. Type98 is a partially verified HPHX model 
developed in the previous chapter and the detailed verification of this subroutine has been 
reported in references [17], [25] and [56]. 
The following assumptions are made for the computation and simulation of the 
TRNSYS HV AC model: 
1. The present work assumes the effects of transport delays and dynamics, due to 
thermal capacitance, for air ducts, elbows and transitions are negligible. 
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2. For simplicity in this modelling exercise, it is assumed that the HPHX model is a 
dry HPHX design, in which the Ridge model [58] described in Chapter 3 is 
excluded from the subroutine of Type98. Note that the achla l HPJ{)( evaporator 
may not operate sensibly or 'dry', especiall y if the HPHX operates in humid area. 
3. The present research assumes that the external wall gain is negligible in 
comparison to internal heat ga ins for zone 4 and all other heat gains from adjacent 
wa lls are insignificant. 
4. The present study assumes that the chilled water flow rate ranges of the existing 
air handler controller can be adjusted. 
Because there is no control strategy within the TRNSYS CWC (Type52b), a 4-stage 
controller (Type263) is developed to control the chi lled water flow rate of the CWC so 
that the energy consumption of the HV AC system could be optimised. The details of the 
control scheme will be described in the next sect ion. The details for all other standard 
TRNSYS components are available in references [68, 74]. 
The subroutine for the 6-row HPHX (Type9S) simulates the theoretical leaving dry-
bulb temperahlres for both HPHX evaporator and condenser, for constant equal 
vo lumetric flow rates of 1.53 m3/s, given entering dry-bulb temperatures for both HPHX 
evaporator and condenser. The detailed theoretical source code of this component can be 
found in Appendix B. 
The model building, as illustrated in Fig. 4-\, is modelled as a single zone. Operating 
theatre S (OTS) has a zone volume of200 m3, sens ible load of5.2 kWand latent load of 
0.S6 kW. The HVAC system for OTS is a CAY system with a total volumetric flow rate 
of 1.53 m3/s. The main concern in the present research is that the air must be changed at 
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least 15 times/hour (as indicated in Table 3, page 7.5, reference rS}) , and the exhaust air 
(EA) is not permitted to be re-circulated to the mi xer (100% fresh air system). Note that 
the air flow rate is at 27 times/hour because it is a usual design practice for hospitals in 
Malaysia [75]. Also, it should be noted that in other countries such as [ran, the usual 
design practice for air flow rate in hospitals is at 40 times/hour (57]. 
For a CA V system, the total prevailing load on the space (qT ) must sat isfy the 
equation: 
q' = q ' + q' = n" (h - h ) -------------------------------------------------(4,1) Ts~"I"t(Jrs
where Q se1l is the space sensible load, q'"1 is the space latent load, m a is the supply air 
mass flow rate, hI" is the room air enthalpy and h. is the supply air enthalpy. 
The space load for OT8 is virtually constant under the just-stated assumptions that the 
external wall gain is negligible and all other heat gains from adjacent walls are 
insignificant. Also, the air volumetric flow rate is constant (CAV system), and therefore. 
supply air mass flow rate is almost constant (because air specific volume changes only 
slight ly with relative humidity). As a result, space enthalpy change (h
r 
- h .. ) will be kept 
constant, and thus, the room OBT is constant as long as the supply air OBT is constant as 
ill ustrated in Fig. 4- 15. This means that the room air RH will change only if the supply 
air RH is changing due to the outdoor air conditions. 
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4.5 Control Strategy of the Chilled Water Coil, Heating Coil and Pre-cooling HX 
Controls provide the automation of building services systems. Control happens when a 
signal to the HV AC device causes the action or adjustment of a component to generate 
the wanted outcome. All M&E systems need some type of controls, either manual or 
automatic [76]. In the present chapter, the functions of the Trane ™ AH.540 air handler 
controller (Le. the controller installed inside the 0704 AHU at OT8) [75 , 77, 78] are 
simulated using TRNSYS and the controls can serve three different purposes. The Tracer 
AH.540 maintains the supply air temperature at a set point. The heating capacity and 
cooling capacity of the system are controlled to maintain the supply air temperature at the 
required supply air temperature set point to minimize energy consumption and costs [77, 
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78]. The following sub~section presents the control strategies of a number of HV AC 
components used in the HV AC systems. 
4.5.1 Control Strategy of the Chilled Water Coil 
The function of a cwe is to cool and dehumidify the air, possibly with intentional 
overcooling offset with subsequent reheating when high latent loads preva il usuall y. 
Unfortunately, there is no control scheme within the original TRNSYS chilled water co il 
(Type52b) to represent the functions of the Trane ™ AH.540 air handler controller 
[77,78] to control the cool capacity by adjusting its chilled water flow rate, and therefore 
an external controller (Type263) is custom-built into TRNSYS as shown in Figs. 4~6 and 
4-7. 
This controller primaril y functions as a cooling capacity controller to maintain the off~ 
coil air temperature at or below 19.5 °C. Note that 19.5 "C is the supply air temperature 
necessary to maintain the space temperature of OT8 at its set point of 23 "C under the 
modelled conditions of constant internal loads, 24 hours per day. Also, in the present 
research, the controller is modeled to provide limited control to the off~coil HR. Note 
that the Trane controller does not absolutely modulate the off~coil humidity ratio [77, 78]. 
In other words, the Trane controller does not maintain a set point space RH or an otf-co il 
HR in the HVAC system . 
In order to have an abso lute control on the off-coil air temperature at or below 19.5 °C 
[75,77,78] and to have some control on the humidity ratio of the air (i.e. to control the 
space RH within the range of 30% to 60% per ASHRAE requirements [8]), the chilled 
water flow rate must be adjusted in response to the coil leaving dry~bulb temperature and 
the inlet and outlet humidity ratios of the CWC so that the cooling capacity of the ewc 
™ Trade Mark 81 
Ph.D. Thesis Chapler4 
can be adjusted automatically to contro l the coil leaving dry-bulb temperature and HR at 
or below 19.5 °e and 0.0 I 02 kg of waterlkg of dry air respectively. These limits make 
sure that, RH will not exceed 60% at the set- point of 23 °e, although there will be 
occasions where reheat will be requ ired to bring air at 0.0102 kg of water/kg of dry air up 
to the supply temperature of 19.5 0c. Simultaneously, the cooli ng capacity can be 
optimized in response to the inlet and out let humidity ratios of the ewc, and therefore 
the energy use and costs of the HVAC systems could be minimized. 
In the present research, the maximum and minimum flow rates of the chilled water as 
shown in Table 4-2 below are selected using Trane software [79] based on maximum 
enthalpy (i.e. the worst case) and minimum entha lpy (i.e. the best case) of the outdoor air 
state for the whole TMY hours of Kua la Lumpur. It was found from Ihis procedure that 
0.77 lis (2772 kglhr) and 1.60 Us (5760 kglhr) are Ihe minimum and maximum flow rales 
respectively for the ex isting HV AC system at OT8. The details for the flow rate selection 
may be found in Appendix E. 
In addi tion, the chi ll ed water flow rate ranges for all plants are adjusted to give the 
maximum acceptable space RH at 60% so that the energy use could be minimized. It 
must be emphasized that the maximum chi ll ed water flow rate at 1.60 lis (5760 kglhr) is 
not required for all plants in the present chapter because all plants are install ed with a pre-
cool ing device. The range of the flow rate is equally divided to represent the flow rates 
for various stages of the 4-stage cool ing capacity controller. Note that a 4-stage cooling 
capacity control scheme (rather than a continuous fl ow modulation scheme) is used in the 
present investigation because it is the existing control scheme at OT8 [75). The range of 
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the inlet HR shown in Table 4~2 below is selected based on the outdoor air HR for 
comparison purposes later in Chapter 10. 
Table 4-2 T he Stages of the Controller in Response to the Inlet and Outlet HR of 
the CWC Corres ondinl! to the Chilled Water Flow Rate Rall!!es 
Controller Humidity Ratio Tile chilled water flow rate ranges for three 
Stage (kgH,O/kgdry- different plants 
air) (k~/h;·\ 
Plant A Plant B Plant C 
1 Inlet HR < 0.0098 2772 2772 2772 
2 0.0098<lnlet 2864 3170 28 15 
HR<O.OIII 
3 0.0 III <Inlet 2956 3568 2857 
HR< 0.0125 
4 Inlet HR>O.O 125 3048 3966 2900 
or 
Outlet 
HR>0.0102 
+11 sllOlIld be Iloled Ihallhe chilled waler flow rale for Ille sensible pre-cooliug HX ill Planl A is 1101 
included ill thi.~ chifled water flow rate rUllge. 
In the present chapter, the external controller (Type263) is a subroutine simulating the 
theoretical chill ed water flow rate in response to the changing co il leav ing dry~bulb 
temperature, inlet and outlet cwe humidity ratios. This 4~stage controller uses a fraction 
of the chilled water flow rate or full fl ow rate to keep the coil leav ing dry-bulb 
temperature and HR at or below 19.5 °C and 0.0102 kg ofwaterlkg of dry air respectively 
as just explained. The inlet and outlet HR for the ewe are shown in Figs. 4- 16 through 
4-18 for three different plants. 
The controll er will use the full flow rate if the outlet HR is beyond 0.0102 kg of 
water/kg of dry air or the coil leaving dry-bulb temperature is beyond 19.5 0c. Note that 
the coi l leaving HR value at 0.0 I 02 kg of water/kg of dry air is the 'cutting point' HR for 
the supply air to produce a space RH of 60% at OT8. In other words, any HR va lue 
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above this 'cutting point' will produce a space RH of more than 60% as illustrated in Fig. 
4-19. The source code of this subroutine may be found in Appendix E. 
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It should also be noted that the usual corresponding space RH to the outdoor HR as 
shown in Table 4-3 is merely a general guide_ In other words, it does not mean that the 
lower outdoor HR will certainly generate the lower space RH or vice versa. This is 
attributed to the fact that the lower outdoor HR (for example, the outdoor HR at 0.0124 
kg water/kg dry air for Plant B at hour 39 shown in Fig. 4-17) will be assigned the Stage-
3 chilled water flow rate (3568 kg/hr in the present research). As a result, the overall 
cooling capacity is relatively small compared to the cooling capacity at the highest chilled 
water flow rate (3966 kg/hr), and therefore the HV AC system will probably use 
significant part of its cooling capacity for sensible cooling. In this case, there is a 
relatively small dehumidification occurred during the active cooling process compared to 
the higher outdoor HR. 
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Table 4-3 The Stages of the Controller in Response to the Inlet and Outlet HR of 
the cwe Corres ondin{! to the Soace RH 
Controller Humidity Ratio The usual range of space relative humidity 
Stage (kgH,O/kgdry- corresponding to the range of the outdoor HR 
air) [%] 
Plant A Plant B Plant C 
1 Inlet HR oS 0.0098 Space Space Space 
RH<49.34 RH<46.05 RH<46.73 
2 0.0098<lnlet 49.34<Space 46.05<Space 46.73<Space 
HR< O.O III RH<52.68 RH<50.49 RH<50.98 
3 0.0 111 <Inlet 52.68<Space 50.49<Space 50.98<Space 
HR< 0.0125 RH<56.01 RH<54.93 RH<55 .23 
4 Inlet HR>0.01 25 Space Space Space 
or RH>56.01 RH>54.93 RH>55.23 
Outlet 
HR>0.0102 
In contrast, for the case of higher outdoor HR (for instant, the outdoor HR at 0.01 29 
kg water/kg dry air for Plant B at hour 78 shown in Fig. 4- 17) the highest chilled water 
flow rate wi ll be ass igned (3966 kg/hr in the present research). and thus the air will 
experience both sensible and latent coolings in the active cooling process. In thi s case, 
the air will be dehumidified significantly and there is a possibility that the off-coi l HR is 
lower than the off-coil HR for the case of lower outdoor HR just mentioned. 
In add ition, the Trane controller will assign the highest chilled water now rate to the 
ewe if the off-coil dry-bulb temperature is beyond 19.5 °C or the outlet HR is beyond 
0.0102 kg of water/kg of dry air. Again, these situations inevitably will change the usual 
trend of the corresponding space RH to the outdoor HR as described in Table 4-3. 
It should be remembered that the Trane 0704 DWAA AHU model was designed in the 
late 80s and commissioned in the early 90s at OT8 where indoor air quality (lAQ) and 
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energy savlllgs In building serv ices systems were not a main concern III that era in 
Malays ia (5, 75, 80]. Therefore, the Trane cool capacity controller is obviously not the 
best control practice today compared to the current and sophisticated Trane Integrated 
Comfort System (ICS) [81 ]. 
4.5.2 Control Strategy of the Heating Coil 
The function of a heating co il is to reheat the air before being supplied to the air-
conditioned space. The reheat process is required whenever the air temperature is below 
the set point suppl y air temperature at 19.5 °e, as a result of intentional overcooling by 
the ewe to achieve the dehumidifi cation necessary under high humidity conditions. In 
order to minimize energy use and costs, there is a control scheme built within the 
TRNSYS heating coil (Type I21) to optimize the reheat process in line with the functions 
of the Trane ™ AH.540 air handler controller. This controller functions as a proportional 
temperature controller. 
This TRNSYS reheating coi l model consists of a constant effectiveness heat 
exchanger and a control scheme that will bypass a pOltion of the warm side (liquid side) 
flow rate to the HX so as to maintain the co ld side out let temperature (air-side) at or less 
than a user-specified set-point temperature (70]. 
If the heat exchanger cannot heat the cold side to the user-specified set-point 
temperature, full flow wi ll be sent through the HX on the warm side. If the cold side inlet 
temperature is already beyond the user-specified set-point temperature (and less than the 
warm-side inlet temperature), the warm side of the HX will be bypassed entirely (70]. 
Again, the detai Is of the source code for the heating coil can be found in Appendix E. 
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4.5.3 Control Strategy of the Pre-cooling HX 
The function of a pre-cooling coil is to pre-cool the air before entering the chilled 
water coil. Note that only Plant A uses a pre-cooling HX (Type J92) to pre-cool the air. 
The control strategy of this model is very similar to the reheating coil just mentioned 
above. Again, the controller functions as a prop0l1ionai temperature controller in the pre-
cooling HX. 
This heat exchanger model consists of a constant effecti veness HX and a control 
scheme that will send a portion of the cold-side flow rate to the HX so as to maintain the 
warm-side outlet dry-bulb temperature at or less than a user-specified set-point 
temperature at 26 °C [70]. Note that the 26 °C is the mid range OBT value generated by 
the HPHX evaporator, and therefore the outlet air set point temperature for the pre-
cooling HX is set at 26 °C for comparison purpose in Section 4.6. 
If the HX cannot coot the wann-side to the user-spec ified dry-bulb temperature, full 
flow will be sent through the HX on the cold side. If the warm side inlet temperature is 
already less than the user-specified set-point temperature the cold side of the HX will be 
bypassed totally [70]. Again, the detail s of the source code for the pre-cooling HX may 
be found in Appendix E. 
4.6 Simulated Results and Discussion 
This section presents the simulated hour-by-hour responses of a number of HV AC 
systems as well as annual electrical energy consumption for the HV AC systems when 
different HX strategies are used. 
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4.6.1 Hour-by-Hour Analyses for Representative Week 
Figures 4- 19 to 4-24 show the psychrometric air states for the Plants A-C. Also, the 
psychrometric air state ranges of Plants A-C are abstracted in Table 4-4 for convenient 
reference, 
Table 4-4 Comparison between Plants A, Band C: Ranges of psychrometric states 
during representative week 
Ai.· State Plant A Plant B Plant C Plant A Plant B Plant C 
Location ID DDT ID DDT ID OBT ID RH ID RH ID RH 
(0e) (0e) (0e) (%) (%) (%) 
Outdoor AI 24- BI 24- CI 24- AI 30- BI 30- CI 30-
Air 36 36 36 66 66 66 
Affe.- A2 24- - - - - A2 41- - - - -
Sensible 26 66 
HX 
Afte.' - - B2 19- C2 19-
-
- B2 40- C2 40-
HPHX-I 31 31 87 87 
Evaporator 
After - - - - C3 14-
-
- - - C3 56-
HPHX-2 26 100 
Evapora tor 
After cwe A3 II - 83 9- 15 C4 9- 15 A3 95- 83 93- C4 98-
15 99 100 100 
After - - - - C5 15- - - -
-
C5 70-
HPHX-2 19 72 
Condenser 
After He A4 19- B4 19- C6 19- A4 57- B4 51- C6 52-
20 20 20 73 72 72 
Room Air A5 23- 85 23- C7 23- A5 47- 85 42- C7 43-
24 24 24 60 60 60 
After - - B6 28- C8 28-
- -
B6 31- C8 31-
HPHX-! 29 29 43 42 
Condenser 
Comparable air states: A I¢>B I¢>C I 
A3¢>B3¢>C4 
A4¢>B4c:>C6 
ASc:>BSc:>C7 
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(a) Air State Characteristic for Plant A 
For Plant A, from Fig. 4-20 it is evident that fresh air at DBT _A I enters the sensible 
pre-cooling coil at a temperature of24-36 °C and is cooled by a sensible pre-cooling HX 
to a temperature at about 24-26 °C (DBT_A2). Note that this pre-cooling coi l is a 
temperature-controlled HX as mentioned in the previous section, and therefore the exit 
temperature (DBT_A2) is controlled at about 26°C. Note that the 26 °C is the mid range 
outlet air temperature value generated by the HPHX evaporator in the present chapter. 
The pre-cooled air is further cooled by the chilled water coi l to a temperature in the range 
of 11-15 °C (OBT A3). Finally, the air is reheated to about 19.5 °C (OBT_A4) for 
discharging into the operating theatre. 
1t is important to mention that the above psychrometric processes is a typical one in 
Constant Air Volume (CAV) System operating in tropica l hot and humid climates. It can 
be observed that the HX pre-cools the fresh air and the chilled water coil further cools 
and dehumidifies the air. As a result, RH is slightly increased from 30-66% (RH_A I) to 
41-66% (RH_A2). It is also very interesting to note that the RH _A3 in Fig. 4-21 (exit of 
cooling coil - Type52 as shown in Fig. 4-2) is generally increased to 100% with the 
humidity ratio reduced from 0.0084-0.00138 (HR_A2) to 0.0079-0.00102 kg (HR_A3) 
H20/kg dry-air as shown in Fig. 4- 16. Note that because the CWC is a cooling capacity-
controlled CWC with limited control on the off-coil humidity ratio, the exit humidity 
ratio (HR_ A3) is not controlled at a set point value. 
[0 addition, the air temperature at I I-15°C and RH at 95-99% as indicated in figures 
4-20 and 4-21 is re-heated to about 19.5 °C (DBT_A4) and the duct RH is reduced to 57-
73% (RH_A4) shown genera lly in Fig. 4-21 because the presence of latent load in the 
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outside air, and also because the sensible loads in the space and the required air flow rates 
are met with a supply temperature of about 19.5 0c. 
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(b) Air State Characteristic for Plant B 
From the simulated data of Plant B (Fig. 4-22), outdoor air enters the HPHX 
evaporator of the HV Ae system at a temperature of 24-36 °e (DBT _ B 1) during this 
representative week. By adding a HPHX, the air is pre-cooled to 19-31 °e (DBT _ B2) 
using the HPHX evaporator. The advantage of having such a system is the contaminated 
EA from the operating theatre could be used to 'cool ' the HPHX condenser before 
discharging into the atmosphere, and thus coolness recovery could be achieved. 
The air at 19-31 °e (DBT _B2), shown in Fig. 4-22, is further cooled by the ewe to 
9-15°e (DBT_B3). Finally, the air is reheated by a heating coil to 19-20 °e (DBT_B4) 
and enters the operating theatre. The EA (i.e. room air) enters the HPHX condenser at a 
temperature about 23-24 °e (DBT _ B5), and the contaminated air is reheated to about 28-
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29 °C (DBT 86). This means that the unwanted heat in the pre-cool section is removed 
by the contaminated cool air in the reheat section using this unique HV AC system design 
with a HPHX installed. 
In terms of moisture removal, the outdoor air shown in Fig. 4-23 enters the pre-cool 
section of the HPHX at a RH of 30-66% (RH_BI) and ex its at a RH of 40-87% 
(RH_B2). This results in an increased moisture removal capability of the CWC as the 
HPHX evaporator pre-cools the air closer to the saturation line, and thus pal1 of its 
cooling capacity for the original HV AC system can be used for latent cooling rather than 
sensible cooling. The RH at 40-87% (RH_B2) is then increased to 93-100% (RH_B3) by 
the ewe with the humidity ratio reduced from 0.0084-0.0138 (HR_B3) to 0.0071-0.0102 
kg H20/kg dry-air (HR_ B4) as shown in Fig. 4-17. The air RH finally lowered by the 
heating coi l to 51-72% (RH_B4) before entering the conditioned space. Again, the ewc 
and HC genera ll y provide limited control on the coil leaving air humidity ratio below 
0.0102 kg H20/kg dry-air and maintain a set point temperature at 19.5 °C respectively 
similar to Plant A just mentioned. 
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Air States Versus Time - Plant B 
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The EA at State 5 (in Fig. 4~3) enters the HPHX condenser at a RH of 42~60%, as 
shown in Fig. 4-23. The RH of the exhaust air is lowered to 31 ~43% before discharging 
into the atmosphere. 
(c) Air State Characteristic for Plant C 
The effects on air states of having two 6~row HPHX in tropical HVAC systems (P lant 
C) are shown in Figures 4~24 and 4~25. As can be seen in Fig. 4-24, the OA (DST C I) 
of 24-36 °C is cooled down to 19~3 1°C (DST_C2). Simultaneous ly, the RH is increased 
from 30~66% (RH_C I) to 40~87% (RH_C2) shown in Fig. 4~25. This is due to the fact 
that the HPHX-I is performing 'free' air pre~cooling utilising coolness from the exhaust 
air circulating from the operating theatre (Fig. 4~4). The HPHX-2 perfonns further pre-
cool ing for the air as illustrated in Fig. 4-4. The temperature is decreased to 14~26°C 
(DST _ e3) shown in Fig. 4-24, and RH is increased from 40-87% to 56- 100% (RH _ C3) 
as illustrated in Fig. 4~25. 
The air state is moving closer to the saturation line. Consequently, the cooling 
capacity of the original HV AC system is redistributed by the pre-cooling effect of the 
HPHX on the air, and therefore, the dehumidifying (latent cooling) capability of the 
HV AC system is enhanced. The air is cooled to 9- 15 °C (DST C4) by the ewe, and 
achieves RH (RH _ C4) of nearly 100%. The overcooled air is then reheated by the 
HPHX-2 to a temperature of 19-20°C (DBT_C6) from l5- l9°C (DBT_C5), and lowered 
RH of about 52-72% (RH_C6) fi·om 70-72% (RH_C5). Note that the air at below J9.5°C 
is re-heated to 19.5°C (OST C6) because the sensible loads in the space and the required 
airflow rates are met with a supply temperature of about 19.5 °C 
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The EA at State 7 (see Fig. 4-4), as shown in Fig. 4-24, enters the condenser part of 
HPHX-l at a temperature of 23-24°C (DBT-C7) and RH at 43-60%. The exhaust air is 
finally reheated to about 28-29 °C (DBT _ E8) and the RH reduced to 31-42% before 
discharging into the atmosphere. 
By carrying out all these processes, the contaminated air from the operating theatre is 
not circulated back to the HV AC system, but the coolness is recovered from the 
contaminated air by the HPHX-l. Moreover, the overcooled air in the HVAC system 
(State4 in Fig. 4-4) is partially reheated by the HPHX-2. This suggests that a unique 
arrangement of HPHXs in the HV AC system can be applied to efficiently provide both 
'free' pre-cooling and partial reheating. 
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4.6.2 Space conditions comparison between Plants A, Band C 
It is obvious that a room state at about 23 °C and RH of 47-60% are maintained 
generally by Plant A during the week analysed, as can be seen in Figures 4-26 and 4-27 
respectively. Note that the space RH (47-60%) is at the upper limit of the 30% to 60% 
RH range usually required for human health [8]. The room air DBT is almost constant 
due to the fact that the air DBT, space latent and sensible loads are constant as explained 
early in Section 4.4. The almost constant DBT shown in Fig. 4-26 confirms very small 
variation in air mass flow rate#. However, the room air RH is changing over the week as 
an indirect consequence of the outdoor air conditions varying. 
# It should be noted that even if there was no variation in air mass flow rate, a fixed value for ( h, -
h
s
) in equation 4.1 would not mean that the room air temperature would remain absolutely constant 
(for fixed q T and supply air temperature), because of the very slight divergence of DBT lines. 
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Also, the peak space RH occurred at hour 87 at Plant A because at this hour it has the 
highest coil leaving HR at 0.0102 kg H20/kg dry-air. The changing reheating capacity in 
response to the reheat co il entering a ir at hour 87 (see Fig. 4-28) suggests that 
overcooling is required at the ewe to dehumidify the outdoor air HR at 0.01 38 kg 
H20/kg dry-air to 0.0 I 02 kg H20 lkg dry-air (Fig. 4-16), and therefore reheating is needed 
because of overcooling. Note, however, that hour 87 also has the lowest reheating 
capacity for the week in apparent contradktion of this observation. 
In explaining why this is so, it must be emphasised that the maximum space RH of 
60% occurring at hour 87 is not solely due to the maximum outdoor air enthalpy as 
indicated in Fig 4-28. This is because the time at which the maximum space RH of 60% 
wi ll also depend on: the combinations of the outdoor air dry-bulb temperature and 
humidity ratio, the set-point temperature of the pre-cooling HX in this plant, the cooling 
or dehumidifying characteristics of the ewe, and the complicated behav iour of the 4-
stage cooling capacity controller (as explained in subsection 4.5.1). 
The OT8 room RH for Plant B are shown in Fig. 4-29, and it is observed that the eA V 
system, installed with a 6-row HPHX, is capable of maintaining the room RH at 42-60% 
generall y during the week. This space RH range is at the mid-range to upper limit of the 
30% to 60% RH range usua ll y required for human health [8]. 
The peak space RH in Plant B occurred at hour 39 rather than hour 87 compared to 
Plant A due to the same reasons just mentioned above with the exception that the heat 
and mass transfer processes to determine the instant of maximum space RH is even more 
complicated than for Plant A because the air is now pre-cooled by an uncontrollable 
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HPHX. Again, the reheating is required in this plant due to overcooling as shown in Fig. 
4-30. 
The room air DBT is again almost constant at 23°C due to the same reasons 
mentioned above. Also, the room air RH is showing a trend similar to that for Plant A 
(Le. varying because the outdoor air conditions are changing). 
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Room States Versus Time - Plant B 
100 
90 
I - ZoneRH 
80 
70 
60 A J---~ ~-- ~ /\ ........ SO 
40 ~ V ~ ""-
30 
20 
10 
0 
18 
16 
14 
~ 12 
~ 
.3 10 
'0 
I..l 8 15 
GO 
~ 
a:: 6 
4 
2 
0 
"" """" 
8 16 22 29 36 43 50 57 64 71 78 85 92 99 106 113 120127 134 141 148 166 162 
Time (Hour) 
Fig. 4-29 Room relative humidity for OT8 maintained by Plant B. 
Tempel ature Control Scheme Used in the Simulation tOI the HC (Heating C~pacity Vs. EDBT) • Plant B 
0 20 
Fig. 4-30 
Temperature 
--Heating Capacity 
-OBT_B3 
40 60 80 100 120 140 160 
Time (Hollr) 
The changing heating capacity in response to the changing 
coil entering air temperature - Plant B. 
30.0 
25.0 
20.0 
15.0 
10.0 
5.0 
0.0 
180 
., 
::l 
'II! 
11 
~ 
; 
~ 
~ 
... 
:9 
~ 
~ 
Q 
~ 
COl 
.~ 
~ 
!! 
w 
102 
Ph.D. Thesis Chapter 4 
Plant e is able to maintain the room RH at 43-60% during the week, as shown in Fig. 
4-3 1. Again, the room air DBT remains almost constant at 23 °e as expected, while the 
room air RH is again varying. The peak space RH, again, occurred at hour 87. The 
reasoning for this has already been explained above for Plants A and B but in th is case 
the time at which the peak space RH wi ll occur is even more complicated than it was for 
Plant B because the air is now pre-cooled by two unconh'ollable HPHXs and then 
partially reheated by one of the HPHXs. Again, add itional reheating is sti ll required 
because of the extent of overcooling required at the ewe as shown in Fig. 4-32. 
Overall the three plants generally ach.ieve conditions close to the ASHRAE standard 
for health care facilities [81 as indicated in Table 4-5. 
Table 4-5 Room air conditions for different plants compared 
to the ASRRAE requirements 
Plant ASHRAE A B 
Requiremellts 
Dry-Bulb Temperature 20-24 23-24 23-24 
( OC) 
Relative H(~/~idity (RH) 30-60 47-60 42-60 
% 
C 
23-24 
43-60 
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Room States Versus Time-Plant C 
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4.6.3 Annual energy demand and fan penalty comparison for different plants 
The annual energy demand and fan penalty comparison fo r Plants A, Band Care 
shown in Tables 4w6 and 4w7 respect ively. Note that the Coefficient of Performance 
(COP), the ratio of useful refrigerating effect to net electrica l energy input, fo r the chiller 
and for the prewcooling heat exchanger of Plant A is assumed to be unity (because 
Type52b is a theoreti cal TRNSYS chilled water coil and the resul ts generated in the 
present chapter are not used for economic analysis). Again, it should be mentioned that 
the results shown in Table 4-6 were calculated based on the approx imate model of the 
HPHX described in Chapter 3. Therefore, there is a limitation on the con-ectness of the 
results could be confirmed. In other words, these results could only be used for general 
guide. 
T bl 46 a e - E c Ii nergy I onsump. ODS B kd rea own ~ th Eli TMYH or e n re ours 
Plant Pre-cooling Chiller' Healing Total 
Coil (kWh) Coil (kWh) 
(kWh) (kWh) 
A 22,000' 2 16,000 94,000 369,000 
B NIL J90,000 98,000 328,000 
C N IL 142,000 63,000 253,000 
# Based Ofl Ihe assllmpllOfl Ihat Coefficient of Perforlluw ce (COP) for tile CWC ==: 1 
1! [nc/ili/ing Fall Power us show" in Table 4-7 
T bl 47 a e - Th Add 'li e I ona lEt x erRa 1 St f P a Ie ressure ao dF P an ower C Ii onsumpr on 
Plant Additional Fan Power (kWh) 
External Static Pressure for the entire TMY hours 
(Pa) 
A 170 37000 
B 320 40000 
C 640 48000 
'Based on reference 79 [ [ 
**Based on reference 1821 
Table 4w6 shows the entire TMY year energy consumptions for Plants A, Band C 
respectively. While the CWC load for Plant A at 216,000 kWh is slightly higher than 
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Plant B ( 190,000 kWh) it must be remembered lhat in thi s plant there is a pre-cooling HX 
and therefore represents an add itional 22,000 kWh of cooling. This is because Plant B is 
us ing a 'passive' HX (i.e. HPHX), whereas an add itional power of 22,000 kWh is used 
for 'active' sens ible cooling of HX in Plant A. Thus the total energy usage of Plant A 
(369,000 kWh) is signi ficantly higher than for Plants Band C. 
In terms of energy use for the re-heat ing co il , Plant A has almost the same re-heating 
load (94,000 kWh) compared to Plant B (98,000 kWh) because in this plant the 
temperature-control led pre-cooling HX and the ewe are controlled to provide almost the 
same amount of cooling capacity as can be generated by the HPHX evaporator and the 
ewe in Plant B. The energy use for the re-healing coil for Plant e (63,000 kWh) is 
lower than Plant A (94,000 kWh) and Plant B (98,000 kWh) as shown in Table 4-6 
because the air is partiall y re-heated 'free' by the HPHX-2 condenser before entering the 
re-heating coil. 
It is obvious that a double 6-row HPHX system has much lower chill ed water coil load 
( 142,000 kWh) in comparison to Plant B (190,000 kWh) as indicated in Table 4-6. This 
means that cooling capacity of the original chil led water coil is signi ficantly redistributed 
by the pre-cooli ng effect from the two HPHXs, and therefore dehumidification (moisture 
remova l) capabi lity of the ewe is enhanced sign ificantly by the double HPHX system. 
In turn, this load reduction in the chilled water co il contributes sign ificantly to the annual 
energy consumption saving, and thus, Plant e has the lowest energy consumption among 
the three plants for the entire TMY year with annual energy consumpti on at 253,000 
kWh. 
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However, Plant C inevitably has the h.ighest fan penalty [79,82] due to the much 
higher additional external static pressure drop (640 Pa) with the additional HPHX 
compared to Plants A (170 Pa) and B (320 Pa), shown in Table 4-7. The entire TMY 
year fan electrical energy consumption for Plant C is much higher at 48000 kWh 
compared to Plants A (37,000 kWh) and B (40,000 kWh) (see Table 4-7). 
It is important to note that the actual cost savings and pay back periods can not be 
made based on these results just mentioned because of the implicit assumption that one 
kilowatt-hour of cooling would correspond to an electrical energy input of one kilowatt-
hour. Nevertheless, both capital and energy cost savings on the chiller and compressor 
(smaller chiller and compressor requirement) will often offset the additional costs of the 
HPHX and its associated fan penalty. 
4.7 Concluding Summary 
In this chapter, the necessarily limited comparison between possible HV AC system 
types on the year-round impact on energy consumption and dehumid.ification in an 
operating theatre located in a tropical area has been investigated theoretically with an 
approximate HPHX model , simplified even further by treating its sunaces as always 
being dry. The current HVAC systems for the operating theatre are found to be 
inherently energy- inefficient and can be further improved with the add ition of one or 
more HPHXs. 
Although the models of the HPHX and all other components are all theoretical ones 
and therefore are a clearly inadequate representation of the real situation, the simulation 
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has allowed an understanding of the ways in which HPHXs might operate in a trop ical 
climate environment. 
To overcome the obvious shortcoming in this simulat ion, it is ev ident that an actual 
empirica l TRNSYS model with a fully verified HPHX model must be built to simulate 
rea li stically the yeaJ·~round psychrometric responses of an actual custom-built Trane 
AHU 0704 2-2MB install ed with or without added empirical HPHXs. In Chapter 5, the 
experimental set-up for verification and va lidat ion of an 8~row HPHX is ill ustrated. 
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CHAPTERS 
OVERVIEW OF EXPERIMENTAL PROGRAMME AND EQUIPMENT 
S.l INTRODUCTION 
In Chapter 3, the 6-row HPHX model has been partially verified under uncontrolled 
conditions where the coil entering air for the HPHX evaporator was drawn from outdoor 
air (i. e. the DBT and RH of the coil entering air were beyond the control of the system) 
[I S]. In Chapter 4, the necessarily limited comparison between poss ible HVAC system 
types on the year-round impact on energy consumption and dehumidification in an 
operating theatre located in a tropical area has indicated that a double HPHX system 
should be superior to other systems. In order to prove this superiority, there is a need to 
obtain performance characteri stics of the HPHX model under controlled conditions for 
year-round operation In HV AC systems. These experimental perfonnance 
characteristics, represented in an empirica l model would allow a realistic simulation of an 
HVAC system incorporating HPHXs. 
To test the effect of a HPHX. in a tropical HV AC system, an experimental set-up 
consisting of an enclosed ' climate chamber' (to represent the outdoor air state) and a 
typical HPHX HV AC system with controlled chilled water supply was designed, 
manufactured, and instrumented. The enclosed 'climate chamber' built in the previous 
projects [83, 84] was modified to supply over a wide range of tropical climate cond itions. 
For the supply air side, the DBT, RH, and air mass flow rate must be controlled and 
varied. For the chilled water-side, the chilled water fl ow rate must be controlled to 
deliver the required cooling capac ity. To represent the range of climatic conditions of 
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interest, the OBT and RH must be ab le to vary over the range of 20-32 °C, and 50-80 % 
respectively to permi t the HPHX characteristics to be represented appropriately in the 
subsequent HV AC system simulation. The air face velocity must be able to vary from 
1.1 to 1.9 mls (i .e. the typical air face velocity range in HV AC systems). 
This chapter explains: the design of the ex perimental HPHX and charging the heat 
pipes within it; the des ign and construction of the other air-processing components; 
sensor calibration, airflow cal ibration, temperature and relative humidity measurement 
and air flow measurement. 
5.2 The Experimental Set-ups 
Three different experimental configurations were tested over a wide range of climatic 
conditions as mentioned above. 
The HV AC system was tested with the HPHX in a typically-used vertica l 
configuration to establi sh the baseline performance characteristics of the HPHX. 
The HVAC system was tested with the HPJ-IX in an inclined position to examine 
the influence, if any. of condensate forming on the fins of the HPHXs and 
possibly affecting its effectiveness. 
The HVAC system was tested without the HPHX install ed to determine the 
enthalpy change for the air passing tlu'ough the chilled water co il alone (i.e. 
without the pre-cool ing or reheating effect of the HPHX). The combination of 
performance characteristics determined from these three different experimental 
studies would provide a quantitat ive basis for an empirica l model of an HPHX to 
incorporate into the TRNSYS simulation of overa ll HV AC system performance. 
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All three experimental set-ups had much in common and this description of the 
Vertica l HPHX HVAC System set-up will cover the features that were common to all 
three experimental set-ups. 
5.2.1 The Veltical HPHX HVAC System 
A closed 'climate chamber' was used as the source of "outdoor" aIr for the 
experiments. The 'cl imate chamber' was 3.3 m long, 2.3 m wide, and 2.50 m high with a 
removable HV AC testing rig attached to it. This rig consisted of a removable 8-row 
HPHX, a removable CWC and a variable speed fan with interconnecting duct work. The 
whole testing rig was insulated to minimise energy exchanges with the ambient 
envirorunent. Polystyrene of 50 mm thickness or fibreglass (R value 'Z 1.5 m2KJW) was 
app lied as external insulation to the duct work and components around the circuit. 
Figure 5- 1 shows how the HPHX was installed in the testing rig for the first test 
ser ies. The HPHX was installed such that it pre-cooled the fresh air and reheated the 
overcooled air as indicated in Fig. 5-2. The tropical hot and humid climate was provided 
by the under-floor air conditioning unit. The chilled water coi l (CWC) was supplied with 
chilled water by the thermo-stated chilled water circulator with 2 kW of cooling capacity. 
The air state maintained in the environmental chamber was drawn through the evaporator 
section of the HPHX from left to right. A LHG KANALFLAKT, model 3 15L, variab le 
speed fan was installed to the left of the HPJ-IX condenser, drawing air through the ducts, 
which all had a square section 305 mm on a side. The two air flows through the HPHX 
were such that it operated in a counter-flow configuration. 
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Fig. 5-1 Schematic diagram for the experimental set-up. 
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2-3: Active-Cooling 
1-2: Heat Pipe Pre-Cooling 
Condensation 
Fig. 5-2 Simple schematic diagram for a HV AC model running 
with a HPHX [25]. 
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The testing rig itself was built with several connecting pieces of 305 x 305 mm 
ductwork, as shown in Fig. 5-3. A 100 mm length of duct, as shown in Fig. 5-4, provided 
the connection between the environmental chamber and the HPHX (evaporator). The 
pre-cooled air from the HPHX (evaporator) then passed to the ewe via a 450 mm length 
of duct. The overcooled air from the exit of the ewe was then directed back to the inJel 
of the HPHX (condenser) by a double 90-degree duct section. Turning vanes were 
install ed in each 90° bend to ensure minimum turbulence and pressure drop. Finally, the 
re-heated air from the outlet of the HPHX condenser was returned back into the 
environmental chamber via a 100 rrun length of duct as can be seen in Fig. 5-5. The 
overa ll physical appearance of the whole testing rig as we ll as the fl ow direction is 
illustrated in Fig. 5-5. 
Not visible in this figure is an air duct of 200 mm length of square duct incorporating 
an orifice plate (Fig. 5-6). This protruded back into the environmenta l chamber for 
airflow measurement at entry to the external ductwork circuit. The pressure drop across 
this orifice plate was measured with a micro-manometer (using up-stream and down-
stream static pressure tapping points) as a means of measuring the air flow tJuough the 
duct circuit. The airflow rate through the circuit was varied using a Variac transformer 
on the Ae power supplied to the centrifuga l fan. 
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Fig. 5-3 Set of transformation pieces to allow different inclination of 
theHPHX. 
Bottom DBT 
Fig. 5-4 Typical duct section at an air state measurement 
point (a pair of dry-bulb sensors on left; a pair of 
wet-bulb on right) . 
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Fig. 5-5 The physical appearance of the testing rig and flow direction. 
length 
provisional 
duct 
Fig. 5-6 The provisional air duct is mounted at the inlet 
of the HPHX evaporator. 
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Both dry-bulb and wet-bulb air temperatures were measured for the air states of 
interest (i.e. 1,2,3,4 and 5, in Fig. 5-1) with Type-K thermocouples connected to a 
computerised Prema 3040 temperature logging system. The details of these temperature 
measurements will be described in Section 5.7. 
5.2.2 HV AC test system with inclined HPHX 
The experimental apparatus used for testing the vertical HPHX has been described in 
the previous sub-section. The same basic experimental set-up just described was also 
used for the second series of experimental tests in which the HPHX was tilted 30 0 + as 
illustrated in Fig. 5-7. Figure 5-8 shows how the inclined HPHX was installed in the 
testing rig with angled transformation pieces. In this configuration, the gravitational 
force would enhance drainage of any condensation forming on the extended fin surfaces 
of the evaporator section of the HPHX (as mentioned early in Section 1.1). 
Orientation of 
Extended fins 
Fig. 5-7 Illustration ofthe HPHX inclination angle, a 
(compare with Fig. 5-1 for which a = 0). 
+ Although this test series was all conducted at aflXed inclination of 30 ~ additional duct 
sections had been fabricated to allow additional tests al inclinations of J 5 0 and 45 0 if this 
should appear to be necessary. 
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Fig. 5-8 The HPHX is inclined at 30 0 indicated by the dotted line 
for draining off condensate formed at the HPHX evaporator. 
5.2.3 HV AC test system with no HPHX 
Figure 5-9 shows the HV AC system configuration with the HPHX removed. In all 
other respects, this test set-up is the same as that described in Section 5.2.1. The absence 
of the pre-cooling effect of the HPHX evaporator and the re-heating effect of the HPHX 
condenser has the clear consequence that States 1 and 2 become coincident (neglecting 
any intervening heat transfers); likewise for States 4 and 5 (Fig. 5-10). 
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Fig. 5-9 The experimental set-up used for testing the without 
HPHX system. Chilled water coil is shown by the 
green dotted lines and block arrows show the air flow 
direction. 
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Fig. 5-10 Experimental set-up schematic diagram for system without 
HPHX. 
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5.3 The HPHX Design, Construction and Charging 
An iterative method had to be used in the process of HPHX and ewe coil selections. 
The reason for this is that the coil inlet state could not be precisely specified without 
knowing its outlet state as the coil was not to be used on its own but rather with a second 
heat exchanger operating between the coil's outlet and inlet air states. The form of the 
heat exchanger to be selected was a HPHX as shown in Fig. 5-11. 
The whole procedure then became a slightly complicated circular design exercise in 
which the inlet state (warm and humid air) into the HPHX could be specified as shown in 
Fig. 5-12; the outlet state from this coil then became the inlet state to the chilled water 
coil (for which the available chiller was limited to a capacity of about 2kW); the outlet 
state from the ewe then became the inlet state for the other half of the HPHX 
(condenser) and, finally, the capacities of the two sides of the HPHX needed to balance 
(assuming negligible heat loss or gain between the HPHX and the surrounding 
environment). Putting all of these together, along with the 2kW constraint on the ewe, 
the airflow rate had to be left as a variable initially. 
Fig. 5-11 The 8-row HPHX used in the experimental study. 
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Fig. 5-12 Simple schematic diagram for circular design exercise of the HPHX 
andCWC. 
Two types of coil selection software were applied to do this iterative work. Energy 
Recovery Heat Pipe software [82] as shown in Fig. 5-13 was used to size the HPHX 
coils. On the other hand, for the chilled water coil, sizing calculations were performed 
using SPC 2000 Version 2.0 [85] (Fig. 5-14). In these simulations, any intervening heat 
transfers between the CWC and HPHX condenser were assumed to be insignificant (i.e. 
States 3 and 4 shown in Fig. 5-] became coincident). The details for the HPHX and 
CWC coil sizing are attached in Appendix F. 
The SPC 2000 Version 2.0 was also used to double-check the Energy Recovery Heat 
Pipe software coil-sizing results. For a tropical HV AC system, the evaporating and 
condensing temperatures of the heat pipe working fluid corresponds roughly to the mean 
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of the air inlet temperatures to coils A and C as illustrated in Fig. 5-12. The water flow 
rate was set as high as possible to keep the change in water temperature to a minimum. 
The water temperature was set to the average of DBT inlet for Coil A and DBT inlet for 
Coil C. By doing this, the software was tricked to represent the way the HPHX (Coils 
A&C combined) would operate (because of the adiabatic process within the heat pipes), 
as shown in Figures 2-4 and 5-12. Also, a coil face velocity of at least 1.5 mls was used 
in the simulation as can be observed in Fig. 5-14. The constraint on air volumetric flow 
rate through Coil B was that the load could not exceed 2kW and this, coupled with a 
reasonable face velocity, necessarily placed an upper limit on the coil face dimensions. 
For simplicity and practicality, the final dimension for the CWC, was a square of305 mm 
on each side. The final selections for HPHX and CWC coil together with detailed 
convergent tests and psychrometric illustration [86] of air states are shown in Appendix 
F. 
Fig. 5-13 Energy Recovery Heat Pipe software [82] 
used for the BPHX sizing. 
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Steel fort Engineering Ltd. of Palmerston North was engaged to construct the HPHX 
and ewe. The HPHX was 405 mm long, 945 mm high, and 375 mm deep. It consisted 
of 8 rows of 64 tubes, 5/8" (15.875 mm) OD x 0.48 mm Copper, with centre-to-centre 
tube spacing of 40.0 mm. The tubes were finned at 12 fins per inch (472 fms per meter) 
and the coil was made from four fin blocks, each with 2x 8 tubes. This was to allow easy 
access between rows for welding the headers to the coil block. The HPHX was wickless, 
relying on gravitational return of condensate (Le. a thermosyphon). The specification for 
the associated ewe is detailed in Section 5.4. 
The working fluid temperature should be in the range of 16.4 - 34.2 °e as indicated by 
iterative results using coil perfonnance software as shown in Appendix F, and pentane 
was chosen as a working flujd in the present research as recommended by Thermocell NZ 
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Limited [87]. The pentane was chosen because it was able to function as a working fluid 
in the range of -20 to 120 °C [22]. The volume of working fluid required was calculated 
under the assumption that the manifold volume and all 8 tubes in a row would be filled to 
a depth of 80-100 mm. Also, a film thickness of 0.1 mm was assumed for the internal 
wetted surface volume above the liquid level. A total of 270 ml was charged into each 
row of the HPHX based on the detailed calculation shown in Table 5-1. 
Table 5-1 . Working fluid volume calculation for 
theHPHX. 
HPHX Dati per row t 
0 r (out) r (in) L Volume (mA3) 
1 Helder 10.0254 0.0127 0.0111 0.3050 0.00012 
1 Tubes 10.0159 0.0079 0 .0075 0 .0996 0.00014 
0 r (out) r (in) L Volume (mA 3) 
L Tubes (out) 10.D159 0.0079 0.0075 0.8300 0.0012 
I Tubes (in) 10.0159 0.0079 0.0074 0.8300 0.0011 
0.000031 
t t 
Thermocell NZ Limited was engaged to perform the charging task. The process of 
preparing the test unit required two distinct steps to be accomplished prior to the 
installation of the HPHX. Firstly, the heat pipes had to be pumped down to eliminate 
virtually all air or condensable gases. Secondly, it was necessary for the heat pipes to be 
charged with the correct amount ofthe selected working fluid. 
A vacuum station, with 2x 1 0-3 mbar vacuum capability, was used to perform the task 
of evacuating the heat pipes as shown in Fig. 5-15. The HPHX was then charged with 
300 ml of pentane per row from the bottle initially as shown in Fig. 5-16. A graduated 
cylinder was filled with 60 ml of pentane to remove non-condensable gas from the HPHX 
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as shown in Fig. 5-17. In this process, a fan heater appl ied heat to the HPHX evaporator, 
and the non-condensable gas was drawn into the cylinder when the vessel valve was 
released, as shown in Fig. 5-17. During these processes, the HPHX was insulated with 
fibreglass (R value ~ 1.5 m2KJW) to achieve approximately isothermal conditions within 
the HPHX. The final worldng fluid charging volume was close to the required 270 ml as 
approximately 30 ml of pentane was drawn into the cylinder during the degassing 
process. A Fluke 520 digital thermometer was used to monitor the temperature 
difference between the HPHX condenser and evaporator as shown in Fig. 5-18. The 
vessel valves were finally removed and heat pipes sealed-off permanently. 
Fig. 5-15 Vacuum station was used to evacuate the heat pipes 
at Thermocell NZ Ltd. 
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Fig. 5-16 Charging the HPHX with pentane. 
Fig. 5-17 Measuring cylinder being used for the non-condensable 
pentane transfer. 
Chapter 5 
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Fig. 5-18 A Fluke 520 digital thermometer was applied to 
monitor the temperature difference between rows of 
the HPHX. 
5.4 Chilled Water Coil and Associated Chiller 
Chapter 5 
The CWC had external dimensions 405 mm long, 470 mm wide, and 130 mm deep 
and an air face area of 305 mm x 305 mm. The CWC consisted of 2 rows of 8 tubes, 5/8" 
(15 .875 mm) OD x 0.48 mm Copper, with centre-to-centre tube spacing of 40.0 mm. 
The tubes were fmned at 12 fins per inch (472 fins per meter) and the coil panel work 
was made from 1.2 mm Aluminium. The finned tubes connected to 1-1/4" (31.75 mm) 
copper headers and stubs. 
The thermostatted chilled water circulator, consisting of a refrigeration compressor, a 
water-cooled condenser, a refrigerant liquid receiver, a heater, a stirrer, and a circulating 
pump, was used to supply chilled water to the chilled water coil as shown in Fig. 5-19. 
This unit was limited to just 2 kW capacity. 
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The temperature of the chilled water in the circulator tank could be adjusted by a 
solid-state temperature controller, which provided an appropriate offsetting heat input to 
achieve the desired water temperature. The flow rate of the chilled water was able to be 
controlled by a screw type globe valve, with a resistance coefficient K of 8.2, in the 
circuit. The chilled water flow rate was monitored by an Enermet MP115 magnetic flow 
meter. The chilled water weight was checked against the magnetic flow meter pulse, and 
its accuracy was found to be approximately 0.1 % (Table 5-2). The details for Enerrnet 
MP115 magnetic flow meter may be obtained in reference [88]. The supply and return 
chilled water temperatures were monitored by two RTD probes as shown in Fig. 5-19. 
Additional details for the thermostatted chilled water circulator may be found in reference 
[89]. 
RIDl 
Chilled 
water 
coil 
Magnetic 
Oowme1er 
valve 
Stirrer 
Water 
Cooled 
condenser 
Ref~rant 
liquid 
receiver 
Fig. 5-19 Simplified schematic of the thermostatted chilled water 
circulator. 
compressor 
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I Table 5-2 MPI 15 magnetic flow meter calibration I 
Weight Time Flow rate 
(kg) (Pulse) (I/pulse) 
5.0066 5 1.00132 
IAccuracyl 0.1 % 
5.5 Environmental Chamber and Its Control 
As shown in Fig. 5-20, the under-floor HVAC system, consisted of a pre-heater, a 
steam generator, a cooling/dehumidifying coil , a re-heater. and a circulating fan was 
insta lled prior to this present research [83, 84J to supply and control the airflow in the 
enviromnental control chamber. 
I 
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Climate 
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Fig. 5-20 The under-floor (-IV AC system. 
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In addition, a program for monitoring psychrometric conditions in the environmental 
chamber, as shown in Fig. 5-21 (this includes a Hilton A 770 air conditioning system 
which was not used in the present research), was developed prior to starting this 
experiment [84] . In the current research, this program was used to control the under-floor 
HV AC system. 
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Fig. 5-21 The software for monitoring psychrometric 
conditions in the environmental chamber r841. 
5.6 Air Flow Measurement 
During experimental runs, the air flow rate was determined using a micro-manometer 
to measure the air static pressure drop across the circular orifice plate located at entry to 
the testing rig (as was shown in Fig. 5-6). This flow measurement system was pre-
calibrated by carrying out a velocity traverse in the testing duct. For this traverse, an 
independently calibrated velocity meter was necessary and a Tri-Sense meter was used 
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for thi s. The Tri -Sense air velocity meter probe was 0.008 m in diameter. The 
calibration procedure for thi s meter, and the subsequent ca li bration of the orifice plate are 
described in the following sub-sections. 
5.6.1 Tri-Sense Anemometer Calibration 
The ca libration check on the Tri-Sense Anemometer against an Annubar Meter was 
set up and conducted in the test section of a low-speed wind tunnel available in the 
Aeronautical Laboratory as shown in Figures 5-22 and 5-23 . In turn, this Annubar Meter 
had been independently calibrated in the Fluid Mechanics Laboratory, Department of 
Civil Engineering, and its accuracy was found to be better than 0.06% (90]. The 
ca li bration procedures for the Annubar Meter conformed to the requirements of BS 1 042 
[91,92]. 
The Tri-Sense Anemometer ca li bration was done with both a micro-manometer (up to 
about 400 mm water gage) and a U-tube manometer to cover the full range of differential 
pressures generated by the Annubar. The results, as shown in Appendix G, show that on 
average the Tri-Sense Anemometer read approximately 0.08 mls higher than the 
Annubar. In all subsequent readings from the Tri-Sense Anemometer, appropriate 
corrections were made, based on this ca libration data. 
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Miero-JIIaJlometer 
MaJIOmeter 
Tri-Sense meter 
• : Conn~cutl to ~ither a micro-manom~t~r or a manom~t~r 
• 
• 
Low-speed wind tunnel 
Compressed air 
Digital thermometer 
Fig. 5-22 Simplified schematic of the set-up used to calibrate the 
Tri-Sense Velocity Meter against an Annubar Flow Meter. 
Fig. 5-23 Detail of the Annubar Flow Meter and Tri-Sense 
Velocity Meter in Fig. 5-22. 
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5.6.2 Air Flow Rate Calibration Using Log Tchebycheff Rule For Rectangular Duct 
The velocity traverse across the duct cross~sect ion was plotted to determine the value 
of the airflow rate as shown in Figures 5-24 and H-3. To ensure that the flow was at its 
most uniform, the velocity traverse study was done across the ex it plane of the longest 
available straight 90-degree-section of duct (as shown in Fig. 5-25). Even at this point, 
the air face velocity inevitably changed from point to point over the cross-section of the 
duct. Therefore, it was necessary to determine the flow rate at a number of points so that 
an integrated average fl ow rate over the square duct cross-section could be obtained. 
The square duct cross-section was divided into 25 square areas as illustrated in Fig. 5-26. 
Note that the accuracy with which the sensor was posit ioned to make these measurements 
is ranging from 0.3 to 5.4 % as shown in Table H-3 . Because some velocity readings in 
these traverses appeared to be significantly higher or lower than the average velocity, 
casting possible doubt on the accuracy of the Tri-Sense Velocity Meter in these 
conditions, in situ conformation of the Tri-Sense readings was carried out with a pitot 
tube connected to a micro-manometer. The raw data and results for this in situ airflow 
calibration check are included in Appendix H. 
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Mass Flow Rate Versus Pressure Drop From Orifice 
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Fig. 5-25 Set-up for duct velocity traverse (traverse section 
shown by red dotted line). 
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Fig. 5-26 Locations for velocity traverse [84] . 
From Fig. H-4, it is evident that the air face velocity readings for the Tri-Sense 
anemometer are in close agreement with the pitot tube readings because the absolute 
variation values of the Tri-Sense velocity meter generall y are less than 10% with two 
cases that differ by more than 20% as indicated in Fig. H-4. These results confinn that 
the readings taken from velocity traverse method generall y were accurate and reliable, 
and the calibration procedure conformed to the req uirements of ANSlJASHRAE 41.2-
1987 [67] . 
5.7 Temperature Measurement 
The dry-bulb, wet-bulb and chilled water temperatures were measured using Type K 
thermocouples and RTD sensors. The output signals from these sensors were recorded 
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and converted into degree Celsius via a Prema Data Logging System [93]. To ensure 
accuracy of these sensors, calibration was carried out prior to starting any experiments on 
the HV AC test circuit. The following sub·sections describe the Prema Precision 
Thermometer System as well as the procedures used to calibrate the temperature sensors. 
5.7.1 Prema Precision T hermometer and Tempenture Measurement Stations 
The temperature monitoring system employed in the present research utilised the 
modern technology of a data logger, which is connected to the computer system, for easy 
access and manipulation of data. The data logger, supplied by Prema, German y, serves 
as an interface between thennocouples and/or RTD probes and a PC. Associated 
software (Prema Control 3040 V2.3 [93]) was used in conjunction with the Prema data 
logger for recording experimental data. 
In this application of the Prema Data Acquisition System, two·1 6 channel electronic 
circui t boards were required to be fabricated, and the thennocouple sensors 
communicated with the Prema data logger via compensating wires connected to the 
electronic boards. 
This temperature monitoring system was used to determine and measure the 
temperature di stribution across several points in the testing ri g. Five distinct stations 
were selected along the testing rig to record temperature readings. These stations referred 
to the t-IPHX evaporator inlet (Station I), HPHX evaporator outlet (Station 2), CWC 
outlet (Station 3), HPHX condenser inlet (Station 4) and HPHX condenser outlet (Station 
5) as shown in Fig. 5·2. The psychrometric conditions should be the same between 
stations 3 and 4 (i f the intervening heat transfers between the CWC and HPHX condenser 
were negligible). However, to ensure high accw'acy of the experimenta l data, an 
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additiona l temperature monitoring station (i.e. Station 3) with single dry-bulb and wet-
bulb sensors was insta lled to monitor any changes in psychrometric conditions from right 
after the ewe to the inlet of the HPHX condenser. In addition, for easier understand ing, 
the temperatures measured were given abbreviations and symbols to be recogn ised 
conveniently as presented in Table I-I in Appendi x I. The inlet and outlet ewe water 
temperatures were measured by two RTD probes (RTDOI and RTD02). 
Each of the temperature monitoring stat ions, with the exception of Station 3, consisted 
of fOllr type-K thel111ocouples as can be seen in Fig. 5-4; two of the sensors were for dry-
bulb measurements and the other two for wet-bulb. For wet-bu lb temperature, the 
thelmocouple j unction was immersed into the water reservo ir as can be seen in Fig. 5-4. 
The top and bottom readings recorded from these pairs of WBT and DBT sensors were 
averaged to try to reduce the effect of any variation of air temperatures across each 
section. Because of a limitation on the tota l number of available channels, for Station 3 
(which shou ld have been very closely similar to ai r State 4), on ly single DBT and WBT 
sensors were used. 
5.7.2 Thermocouple Calibration 
A tota l of 20 temperature sensors (18 type-K thermocouples and 2 RTD sensors) were 
calibrated in a thermostated water bath as shown in Fig. 5-27. The sensors were 
calibrated against a Prema PtlOO Immersion Probe 30 12, having an accuracy of± 0.005% 
[93], over the range of 10 °e to 50°C. As can be seen in Fig. 5-27, CJe (cold junction 
compensation) was ach ieved automatically by means of a Prema PtlOO Probe 3011 [93] 
in the isothermal box. The results from the cali bration were recorded with the Prema 
3040 contro l software via the RS232 interface into a PC running Window NT® operating 
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system. As indicated by the calibration data included in Appendix J, all type-K 
thermocouples and the two RTD sensors displayed good accuracy of 0.0 I %. Readings 
taken from these sensors in the next chapter will be corrected according to the relations as 
plotted in Table J- I. 
There were a further 10 type-K thermocouples used in less critica l locations: S 
themlocouples (T I to TS) were mounted on the top of individual heat pipes and 1\'10 (T9 
and T ID) on the HPHX manifolds. The purpose of these additional 10 thermocouples 
was for checking the temperature variations between rows of the HPHX when the testing 
rig was running. They were not used in any quantitat ive calculations so it was not 
considered necessary to conduct calibrations for these thermocouples. However, they 
were spot-checked aga inst the Prema PtlOO Probe 30 12, and again were in good 
agreement with temperature variation ranging from ± 0.1 2% to 1.75%, as can be seen in 
Tables J-2 and J-3. 
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Fig. 5-27 Calibration set-up for 18 type-K thermocouples and 2 RTD 
sensors. 
5.8 Relative Humidity Measurement 
Chapter 5 
The relative humidities were to be determined indirectly from the wet-bulb 
thermometer readings using psychrometric software [86]. The following sub-sections 
describe the work done to construct and calibrate the wet-bulb thermometers. 
5.8.1 Wet Bulb Thermometers 
Each wet-bulb thermometer consisted of an ordinary Type K thermocouple whose 
sensing bulb was covered with a permanent moistened pure cotton wick as shown in Fig. 
5-4. The covered sensing bulb was exposed to forced air motion and the water was 
drawn from the water reservoir by capillary action to permanently moisten the cotton 
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wick. The thermocouples used were included In the calibration procedure already 
described in Section 5.7. 
Since wet-bulb thermometers involve simultaneous heat and mass transfer, their 
accuracy is dependent on a number of factors, of which the temperature-sensing element 
itself is onJy one. Hence they should be calibrated in situ to ensure that the conditions 
(paLticulariy the local air ve locity) during ca libration correspond to those that wi ll ex ist 
during experiments. 
This requires that an alternative, independently calibrated air moisture-sensing device 
be used alongside the wet-bulb sensor as a means of achiev ing the desired calibration. 
The particular sensing device chosen for this was one that has been referred to previously 
(Tri-Sense Meter) but used in this case with its RH probe rather than its velocity probe. 
S.8.2 Tri-Sense relative humidity sensor calibration 
As described in Section 5.6.1 , the velocity-measuring function of thi s meter was 
calibrated against an independently calibrated flow meter (an Annubar Meter). Similarl y, 
for the Tri -Sense Meter's RH function, it was necessary to can·y out an appropriate and 
independent check on its calibration. 
These calibrations were achieved using saturated salt solutions for which the 
equi librium relative humidity is we ll known for situations where the air flow is very low, 
or in closed chambers with no air flow, as shown in Fig. 5-28. Saturated sa lt so lutions for 
lithium chloride, sodium chloride and magnesium nitrate were used in the cali bration 
since these cover a relative humidity range from about II to 85% at 20 °C [94]. In order 
to make the required saturated salt solutions, dry salt was spread about 3 rnm deep in the 
flask. Water was then added to moisten the salt until some but not all of the salt was 
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dissolved. The Tri-Sense RH meter was supported above the tray and its electronic 
sensor inserted through a hole, through a split rubber bung, into the closed chamber (Fig. 
5-28). At least four hours were allowed for achiev ing equilibrium state before results 
were recorded. The Tri-Sense RH meter is then reset to the upper (85%) and lower 
(11%) limits respectively. This calibration procedure conforms to the requirements of 
ANSI/ ASHRAE 41.6-1994 [94]. 
The calibrated Tri-Sense RH meter then was able to be used as a checking instrument 
for the RH values deduced from any of the wet-bu lb thennometers during subsequent 
experimental runs. A typical comparison of RH values implied by experimental OBT 
and WBT values with measurement of RH by Tri-Sense Meter for nominal inlet 
conditions (Station I with respect to Fig. 5-2) at 20 °C, 50% RH and 2.0 mls air flow rate 
is shown in Table 5-3. Note that the accuracy is generally around ± 3% at lower range 
RH and about ± 6% for the hjgher range RH. This is due to the fact that the accuracy of 
almost all RH measurement devices decreased as the air state is moving closer to the 
saturated curve. 
Table 5-3 Comparison of RH values implied by experimental DBT and WBT 
values with measurement of RH Tri-Sellse Meter 
-5.0 
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Fig. 5-28 Set-up for Tri-Sense RH sensor calibration using 
saturated salt solutions in a closed chamber. 
Chapter 5 
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Chapter 6 
EXPERIMENTAL PROCEDURES AND RESULTS 
SERIES I - THE VERTICAL HPHX HV AC SYSTEM 
6.1 Introduction 
Cha)ltcr 6 
In Chapter 5, the design and sensor cal ibration of an experimental HVAC facility, 
incorporating a HPHX were described. This present chapter covers the tests conducted 
on this experimental HV AC system with an 8-row wickless HPHX in a typically used 
vertical configuration to establi sh the baseline pelformance characteristics of the HPHX 
under conditions representative of those that would be experienced in a tropical climate. 
It is pertinent to mention at this point that the HPHX theoretical model presented earlier 
in Chapter 3 is no longer a factor in the present chapter. 
This series of experiments was an investigation into how the sensible heat ratio (SHR) 
of the 8-row HPHX was influenced by each of three key inlet parameters: 
dry-bulb temperature 
relative humidity 
air velocity 
The specific theory relevant to the SHR will be reviewed first (Section 6.2) and the 
basis for the va lues chosen for three experimental variables above expla ined (Section 
6.3). The data for each of the experimental runs are presented, analysed and discussed, 
and a concluding summary given. 
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6.2 Overview of Relevan t T heory 
The evaporator section of the HPHX functi ons as a pre-cooler for the AC system and 
the condenser section as a reheating coil as shown in Fig. 5-2. By do ing thi s, the cooling 
capacity for the original system is re-distributed so that latent cooling capabili ty of the 
convent ional coo li ng coi I is enhanced. This concept was described earl ier in Chapter I 
(Figures 1-2a, 1-2b). Figure 6-1 represents th is situation with the present experimental 
air state numbering system superimposed. 
For illustrative purposes, the fo llowing have been assumed: 
The HPHX evaporator operates mostly sensibly (for illustrative pwpose only ) and 
produces an exit State 2 which is close to saturation. Note that the actual HPHX 
evaporator may not operate sensibly, especia lly if the HPH.X. operates in humid 
area. 
The conventional cooling coi l canies out its normal cool ing and dehumidifying 
function (Process 2-3), but with enhanced latent capacity because of the pre-
cooling effect of the HPHX. 
Air transport between the cooling coi l and the HPHX condenser occurs 
adiabalically (making States 3 and 4 coincident) and without leakage. 
The energy transfer rates in the two sections of the HPHX are equal and opposite 
{implying that (hI - h1) = (115 - h4) since the air mass flow rates are equa l}. 
The reheat process is required whenever the air temperature is below the set point 
supply air temperature, as a resu lt of intentional overcooli ng by the CWC to 
achieve the dehumid ification necessary under high humidity conditions. 
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Process 1-2 is the heat pipe pre-cooling and can be represented by: 
Q,:,x = ';'0 (h, - h,) ----------------------------------------------(6.1) 
Process 2-3 is the air conditioner active cooling and can be represented by: 
-----------------------------------------------(6.2) 
The total cooling load for the HVAC system is the combination of the HPHX pre-cooling 
and the AC act ive cooling, and can be represented by: 
Process 4-5 is the heat pipe reheat load and can be represented by: 
Q,:" = ,;, . (h, - h, ) -------------------------------------------------(6.4) 
As was mentioned in Chapter I, it is clear that two advantages are provided by the 
HPHX - the free pre-cooling (h}-h/) and re-heat ing (175-11.,) processes. The pre-cooling 
process will enhance the moisture removal capability for the air conditioner and the re-
heating process will provide free re-heat energy for the overcooled supply air. 
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C Ala. S Tl ell. r 1998 
Dry-Bulb Temperature Ideo. C) 
Fig. 6-1 HPHX overcooled and reheat processes in a HV AC system. 
Chapler 6 
In line with the way previous researchers have presented their data on HPHX 
performance [95], the sensible heat ratio was judged to be the most relevant in 
determining the capability of HPHX as a means of enhancing dehumidification. The 
sensible heat ratio, SHR, is defined as the ratio of sensible gains to total gains. In the 
present specific research described in thjs chapter, sensible heat ratios for the two-step 
cooling process (Process 1-3) and overall net (Process 1-5) are determined using the 
equations below. 
For Process 1-3, SHR is represented by: 
SHR - m C (T. - T ) / m (h - h ) -----------------(6 5) Active Conling - a p l- 3 I 3 a I 3 • 
and equation (6.5) can be simplified to: 
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SHR . . = C (1: -T ) / (h -h ) --------------------------(6 .6) A"{n~ cool"'g pl - l 1 J 1 3 
where Cpl _) is the moist air specific heat and can be represented by: 
Cpl _3 = 1.005 + 1.84 WActi"" Coolillg kJ/k&K----------------------------------(6 .7) 
Since the dependence on humidity ratio, W is quite weak - W typicall y is of order 0 .0 1 
kgw/k& - a mean value for W A<:tiveCooUllg can be used in Equation (6.7), i.e.: 
W Active Cooling = (WI + W J)/2----- --------------------------------------( 6.8) 
Simi larl y, for Process 1-5, SHR is represented by: 
SHR = m C (1: - 1:) / m (h - h ) ------------------------(6 9) NE:T opl-Sl5 015 • 
and Equation (6.9) can be simpli fied to: 
SHR", = C p'_' (7; - T, )/ (h, - h,) --------------------------------(6. 1 0) 
where, again, Cp may be evaluated from Equation (6.7), this time using the appropriate 
mean humidity ratio: 
WNET = (WI + W, )/2-------------------------------------------------( 6.11) 
6.3 Experimental Procedures 
As has been noted already, the general climatic conditions of Kuala Lumpur, 
Malaysia, are mostly very hot with an average DBT at 20-33 °C and RH of 35-90%. Tn 
the HV AC system of interest (i.e. for a hospital operating theatre without re-circulation), 
it is the outdoor air state that would be experienced directly by the evaporator of the 
HPHX. Consequently, in order to obtain relevant performance data for a HPHX in this 
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environment, it was necessary to cover a range of OBT and RH va lues appropriate to this 
Kuala Lumpur climate. 
At the same time, it was considered necessary to explore a range of co il face ve locities 
representative of those which might typically occur in practice. 
Thus, for thi s series of experiments, runs were perfOimed as fo llows, with each of the 
three experimental variables altered one at a time: 
OBT values of20 °e, 24 °e, 28°C and 32 °e. 
RH values of 50 %, 60 %, 70 % and 80 %. 
Face velocity values in the approximate range of I to 2 mls in 5 increments. 
The RH value of :::;; 50% was not tested in this series of experiments because the 
experimental set-up (without dehumidifier) was not designed to achieve RH va lue of:::; 
50%, and also, it would be expected that there would be little or no condensate forming 
on the fins of the HPHXs for dry climate. Thus, there were a total of 80 (4x4x5) 
experimental runs. 
Because of some difficulties in achieving precise control of these parameters, there 
was some inev itable depal1ure from run-to-run compared with the target va lues just 
li sted. As will be seen, the resultant experimental data is recorded/plotted on an "as 
achieved" basis rather than an "as intended" basis. Nevel1heless, for simplicity in 
presentation and discussion of the data, luns are grouped accord ing to the above nominal 
values. 
A typical experimental nm was conducted as follows: 
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The thelmostatted chilled water circulator system was turned on and was allowed 
1O~15 minutes to achieve steady state. At the same time, the under-floor HVAC 
system and the testing rig variable speed fan were turned on. The small variac 
transformer and micro-manometer (connected across the calibrated ori.fice plate) 
were used to achieve the desired airflow rate in the testing rig system. 
To achieve the required entering dry-bulb temperature, the pre-heater and reheater 
switches in the psychrometric conditions monitoring software were turned on and 
used to control the entering dry-bulb temperature. Simultaneously, the five 
humidifier switches in the psychrometric conditions monitoring software were 
used to control the entering RH of the HPHX evaporator on the system. 
For each of each of the three experimental variables, the environmental climate 
chamber conditions were allowed to achieve steady-state equilibrium conditions 
for at least an hour before experimental runs were conducted. 
The Tri-Sense RH Meter was then used to ca librate the wet-bulb thermometers in 
situ for the locally prevailing conditions. 
Throughout each experiment, the system was allowed to achieve steady-state 
equilibrium conditions for at least 15 minutes before data were collected. All 
temperature data were calculated and recorded at 52-second intervals; this being 
the time required for the Prema system to complete a cycle through all 32 data 
channels. Also, the water mass (glmin) was recorded for condensation at the 
cwc. 
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All expeliments were typica ll y conducted between 11.00 a.m. and 4:00 p.m. to 
minimize fluctuations in the entering OBT and RH of the HPHX evaporator 
created by the environmental cl imate chamber because this uni t had some 
susceptibility to variations in the local outdoor and surrounding laboratory air 
conditions and solar load ing. This restriction allowed the system to achieve 
steady~state equilibrium conditions more closely. 
6.4 Results and Discussion 
The following sub~sections describe and di scuss the HPHX performance results and 
the bias uncertainty in these results. 
6.4.1 Performance Results 
A modified vers ion of the psychrometric program [86] was developed to analyse data 
co llected from these experiments. The data recorded by the Prema 3040 data logger were 
analysed automatica lly by the psychrometric software. The energy balance ratio (EBR), 
as indicated in Table 6~ I, is defined as energy extracted from the hot air stream divided 
by energy transferred to the cold air stream. It is evident that EBR values, for all cases 
examined, are ranging from 0.89 to 1.11. These va lues implied that experimental 
uncertainty was present in these data because the EBR should be equal to unity if aU 
energy extracted from the hot air stream was transferred to the cold air stream. 
Therefore, an error analysis was conducted in Sub~section 6.4.2. The actual inlet air 
states for the HPHX evaporator are included in Figures 6-2 to 6~5 for convenient 
reference. 
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Table 6-1 Energy balance ratio between the return and supply sides of the HPHX 
Mass flux rate at 1.3 kg/MIs (0.121 kg/s) 
Dry-bulb 
. t:.h Energy Balance Ratio (EDR) = ---..!.:1.. 
temperature 
Ilh4_5 
(0C) RH-50% RH-60% RH-70% RH-80% 
20 1.02 0.99 0.98 0.91 
24 0.90 0.89 0.99 0.94 
28 1.00 0.96 1.01 1.02 
32 0.99 0.92 0.93 0.89 
Mass flux rate at 1.6 kg/mIs (0.150 kg/s) 
Dry-bulb 
Energy Balance Ratio (EBR) = Ilh l_2 
temperature IlhH 
CC) RH-SO% RH-60% RH-70% RH-80% 
20 0.90 0.96 0.99 1.02 
24 1.02 0.96 1.00 0.98 
28 1.00 0.93 0.93 0.97 
32 0.96 1.06 1.11 0.97 
Mass flux rate at 1.9 kg/m2s (0.176 kgls) 
Dry-bulb 
Energy Balance Ratio (ERR) = 6.hl_ 2 
temperature 
6.114_5 
CC) RH - SO% RH - 60% RH-70% RH- 80% 
20 0.96 1.00 1.00 1.00 
24 0.99 0.97 0.96 1.00 
28 1.01 1.01 1.00 0.98 
32 1.01 0.99 1.07 0.94 
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Mass flux rate at 2.1 kg/m1s (0.196 kg/s1 
Dry-bulb 
Energy Balance Ratio (EBR) = 6hl_2 
temperature 
6h4_5 
(0C) RH-50% RH-60% RH-70% RH-80'% 
20 1.00 1.00 0.92 0.96 
24 0.99 1.03 1.03 0.91 
28 0.99 1.02 0.97 0.97 
32 1.07 1.06 0.95 0.95 
Mass flux rate at 2.2 kg/m1s (0.205 kgls) 
Dry-bulb 
Energy Balance Ratio (ERR) = 6.hl_2 
temperature 
6h4_5 
(0C) RH-50% RH-60% RH-70% RH-80% 
20 1.02 1.02 0.97 1.01 
24 0.99 1.03 0.89 0.94 
28 1.01 1.03 1.04 0.93 
32 0.97 0.99 1.01 1.04 
As well as the above reported energy balances between the HPHX evaporator and 
condenser, all other possible energy and mass balance checks on the experimental data 
were completed. The energy and mass ba lance ratio ranges of the air and water-sides of 
the ewe, the air of the ewe and the entire duct circuit and the measured and calculated 
water mass at the ewe are abstracted in Table 6-2 for convenient reference. The fu ll set 
of data, covering all energy and mass balance ratios, is included in Appendix K as Tables 
K-I through K-3. 
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Table 6-2 Ranges of energy and mass balance I'atios fOl' all other possible 
checks on the experimental data 
Methods of Checking Definitions Ranges of Ratios 
The air and water-sides of Energy Balance Ratio 0.90-0.99 
the ewe b..!t2 _3 (EBR) = 
mCpb..Tcw 
The ai r of the ewe and the Energy Balance Ratio 0.92-1.10 
entire duct circuit (EBR) = t>iI,_, 
6.h,_5 
The measured and Mass Balance Ratio 0.88-\.09 
ca lculated water mass at the 
(MBR) = In ... "",,,,,,,ed 
ewe 
nl"' calcII/t1I",j 
It is ev ident that EBR va lues for the air and water-sides of the ewe, for all cases 
examined, are ranging from 0.90 to 0.99. These values implied that intervening heat 
transfer occurred between the air and atmosphere during experimental runs even though 
the test ri g is fully insulated (because the EBR should be equal to unity jf all energy 
extracted from the hot air stream was transferred to the chilled water), 
The EBR values for the air of the ewe and the entire duct circuit, for all cases 
examined, are ranging from 0.92 to 1.10. These values implied that intervening heat 
transfer occurred between the ail' and atmosphere and experimental uncertainty was 
present in these data during experimental runs (because the EBR should be equal to unity 
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if all energy extracted from the hot air stream was transferred to the cold air stream at the 
HPHX and no intervening heat transfer occurred between the air and atmosphere at the 
ewC). 
It can be observed that the Mass Balance Ratio (MBR) values for the measured and 
calculated water mass at the ewe, for all cases examined, are ranging from 0.88 to 1.09. 
These non-uni ty values could imply that there may have been a very small amount of 
intervening infiltrationlex filtration between the air and atmosphere but the much more 
likely cause is the presence of experimental uncerta inty in these data during experimental 
runs. 
The influence of inlet OBT for the HPHX evaporator on sensible heat ratio (SHR) for 
Process 1-3 (SHR-Active Cooling) and Process 1-5 (SHR-Net) are shown in Figures 6-2 
and 6-3, which are representative of results for the range of conditions tested+. The full 
set of data, covering all mass flow rates is included in Appendix K as Figures K- J to K-S. 
It is ev ident that, the SHR has been reduced by the HPHX as OBT at inlet to the HPHX 
evaporator increased. In other words, the results imply that moisture removal capability 
for the HV AC system with HPHX was increasing with inlet OBT. Nonethe less, the 
influence of the inlet OBT on SHR is not so significant compared to the inlet RH. 
Figures 6-4 to 6-5 show the influence of inlet RH for the HPHX evaporator on 
sens ible heat ratio (SHR) for Process 1-3 (SHR-Act ive Cooling) and Process 1-5 (SHR-
Net). The fu ll set of data is included in Appendix K as Figures K-6 to K- IO. Again, it 
was observed that for all cases examined, the SHR-Act ive Cooling and SHR-Net were 
reduced by the HPHX as inlet RH for the HPHX evaporator increased. These results 
+ The air massj/ow rale (0.205 kgls) in Figures 6-2 10 6-5 is acrually Ihe highesl oflhefive which were 
lesled. This has been chosen here as being "represenrolive" because oflhe facI Ihalthe correspollding 
coil face velocity is closest to Ihal existing in the air handler of the operating Ihealre, which is rhe subject 
oj de/ailed modelling in Ihis research. 
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imply that the moisture removal capab ili ty for the HVAC system with HPHX was 
increasing as inlet RH for the HPHX evaporator increased. This was due to the fact that 
for the same inlet DBT for HPHX evaporator, the higher RH means smaller enthalpy 
change (h l -h2) to achieve apparatus dew point (ADP) temperature, and therefore, the AC 
system, i.e. the HPHX evaporator and ewe, utilised a significant part of the cooling 
capacity for dehumidification (moisture removal) rather than sensible cooling 
(temperature reduction) as shown by Process 2-3 in Fig. 6-1. 
At the lowest combination ofDST and RH (i.e. 20°C and 50%), however, for all mass 
flow rates, the SHR-Active Cooling was fairly high, ranging from 0.79 to 0.86. These 
results indicate that moisture removal capabi lity of the cooling coils was not enhanced 
significantl y by the HPHX for low DBT and low RH. This was attributed to the fact that 
under these conditions, the ewe utilised a significant part of its cooling capacity in 
sensible cooling. Neveltheless, the use of the HPHX in the system had reduced the SHR-
Net to the range of 0.65 to 0.69 as compared to conventional cooling coi ls having a 
sensible heat ratio of O. 75 to 0.85 [7]. 
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Figures 6-6 to 6-7 show the influence of mass flux on sensible heat ratio (SHR) for 
Process 1-3 (SHR-AC) and Process 1-5 (SHR-Net), which are representative of results 
for the range of conditions tested++. The full set of data, covering all mass fluxes is 
included in Appendix K as Figures K-I I to K-14. It was observed that for all cases 
examined, with the exception that for mass flux at ~2.2 kglm2s (i.e. the highest mass flux 
of the five which were tested), the increased mass flux had negligible influence on the 
SHR-AC and SHR-Net. The results are consistent with the observat ion, suggested that 
the law of mass conservation in the system by the fonns of equations (6.6) and (6.8), that 
SHR is not a function of mass flux rate. The apparent deviation at the highest mass flux 
(2.2 kglm2s) may be attributed to the fact that at low air face velocity, moisture removal 
capability on the finned surfaces should be better than at higher air face velocity (because 
of the improved opportunity for contacting the cold fin surfaces) and, subsequently, the 
SHR generall y is a little higher at high mass flux rate. 
++ The DBT al 32°C il/ Figures 6-610 6-7 has been chosen here as being "examples" because ofthe/acl 
11101 lite DDT 0132 °C is closesllv ASHRAE 1% designlllelhod {43} for Kuala [,/III/pur climale. 
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Sensible Heat Ratio (SHR) versus Mass Flux Rate (kg/s) for DBT at 32 Celsius 
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6.4.2 Error Analysis 
In Table 6· 1, the EBR showed that uncertainty was present in these experimental data. 
The aim of the present research is to establish the baseline performance characteri stics of 
the HPHX under conditions representative of a tropical cl imate to be used in the hour-by· 
hour simulation in Chapter 9, and therefore highly accurate data was not considered 
essential. Nonetheless, a full set of realistic approximated data to represent the 
performance characteristics of the HPHX is needed in this research. For this reason, a 
partial error analysis was conducted to show whether or not the en'ors present in the 
experimental data were at an acceptable level. 
The bias uncertainty is defined as the difference between the maximum and minimum 
variables divided by the total number of variables (see Appendix L for details). A bias 
uncertainty analysis was conducted for a representative experimental run for the inlet 
HPHX evaporator DBT at 29.l oC, RH at 65.7% and mass flux rate at :>::12.2 kg/m2s (0.205 
kg/s). This representative experimental run was chosen because it was at the mid-range 
DBT and RH for the range of experimental runs. The mass flux rate at 2.2 kg/m2s was 
chosen due to the same reason as mentioned in Section 6.4.1. 
The bias uncertainty for the SHR-active cooling and SHR-Net are 2.3 and 6.3 % 
respectively. The bias uncertainty for the energy balance ratio (EBR) is sign ificantly 
larger at 24 %. This large uncertainty at 24% may be attributed to the fact that the EBR 
value is completely ca lculated based on enthalpy data. In tum, the enthalpy is calcu lated 
based on humidity ratio and temperature data and therefore, the errors in humidity ratio 
(derived from both DBT and WBT measurements) and DBT data propagate to dependent 
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variables. These results suggested that nonuniform temperature di stributions were 
present during thi s experimental run (Table L-2). 
Also, the uneven cooling and heating were present for both chilled water co il and 
HPHX at Stations 2, 3 and 5. The bias uncertainty for Stations I and 4 were much lower 
than Stations 2, 3 and 5 (see Table L-2) because of better mixing in these two stations. 
The detail s ofthe bias uncertainty analysis are included in the Appendix L. 
6.S Conclud ing Summary 
to thi s chapter the baseline performance characteri sti cs of the 8-row wickless HPHX 
used in a vertical configuration were established over a range of conditions appropriate 
for a tropical climate. The results would be used to build an empirica l HPHX model in 
TRNSYS to simulate realistically the hour-by-hour psychrometric responses of an actual 
custom-built air handler unit (AHU) installed with or without added HPHXs in Chapter 
10. The next chapter concentrates on assessing the performance of the experimental 
HPHX in an inclined position to exami.ne the influence of inclination on the intemal 
functioning of the heat pipes and possibly causing a drop in its perfonnance. 
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Chapter 7 
EXPERIMENTAL PROCEDURES AND RESULTS 
SERIES 2 - HV AC TEST SYSTEM WITH INCLINED HPHX 
7.1 Introduction 
In the expeliments described in Chapter 6 the baseline performance charactetistics of 
the 8-row wickless HPHX were established for a vertical configuration under a range of 
conditions appropliate for a tropical climate. Even though surface condensation was 
predicted in the theoretical model of Chapter 3, in that series of experiments there was no 
observable proof of condensation fonning on the extended fin surfaces of the HPHX 
evaporator. Due to the model's predictions, the initial aim had been that a succeeding 
seri es of expeliments with the HPHX ti lted would demonstrate the potential performance 
advantages as a result of enhanced condensate drain-off from the HPHX evaporator fins, 
and the testing equipment was built with such experiments in mind (see Section 5.2.2). 
The without-condensate finding from the experiments of Chapter 6 would appear to 
show that experiments with the HPHX tilted would thus be meaningless. However, the 
initial plan for the tilted experiment series was still conducted as there is another possible 
effect of tilting an HPHX, namely the reality that the internal condensate return of the 
working fluid within the heat pipes could be affected. Although this second likely 
outcome of HPHX tilting now became the major aim of this series of expeliments, 
investigations would continue to be calTied out to examine whether there was any proof 
of surface condensation occuning and draining off from the HPHX evaporator fins. 
161 
1 
, 
Ph.D. Thesis OIap!eT 7 
In this chapter (he specific theory relevan t to effectiveness will be given and the main 
expetimental procedures will be desctibed. Effecti veness analyses were conducted using 
the data obtained, and the results are presented. 
A literature review revealed that there were only three published studies on inclined 
HPHX's perfonnance, and these were conducted by Guo et at. [49] in a Canadian climate 
(Saskatoon, Canada) and Becket1 and Herwig [96 in Chemnitz, Gelmany, and Foot et. al. 
[97] in Christchurch, New Zealand. Guo et. al. [49] claimed that heat pipe inclination did 
influence effectiveness. 
However, based on the study of Beckert and Herwig [96], the HPHX could be inclined 
to within ± 6° fi·om hOlizontal and the overall performance was still sati sfactory, 
suggesting that the inclination angle has negl igible effect on the perfonnance of a HPHX.. 
Foot et al. [97J further proved that the inclination angle has negligible effect on the 
perfonnance of a fl at plate heat pipe solar panel. In a similar research conducted by Hua 
[98] on the perfonnance of a flat plate heal pipe solar panel, the inclination angle had no 
significant effect on the overall performance even if the flat plate heat pipe solar panel 
was tilted to within approximately 8° from hori zontal. Especially pertinent in view of the 
changed importance in these tilted experiments is the fact that all of these investigations 
were for conditions in which surface condensation was not a concern, and therefore the 
only effect of any inclination was on the internal condensate return within the heat pipes. 
Owing to the pattially conflicting conclusions from this earlier related research, it was 
appropJiate to can·y out these experiments with the HPHX tilted. Moreover, no further 
independent experimental studies have been conducted to examine the effect of an 
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inclined HPHX on the sensible and total effectiveness operating In trop ical HVAC 
systems. 
Therefore, this investigation is requi red to be can ied out and the major aim is to 
examine the intemal heat pipe effect of incl ining a HPHX. 
7.2 Theory Relevan t to the Present Chapter 
The theory relevant to the testing of a HPHX for energy balance analys is has been 
described in Chapter 6. The same theory has been appl ied in the current investigation 
with the exception that in the present chapter, the HV AC system was tested with the 
HPHX in an inclined position. Also, it should be noted that in Chapter 6, the SHR was 
used to determine the dehumidi fication enhancement capabil ity of the I-IV AC system. In 
thi s chapter, the effectiveness study is used to detelmine the performance of the HPHX 
itself rather than the whole I-IV AC system. 
The effectiveness is judged to be the most relevant in detennining the perfonnance of 
a HPHX as a means of energy savings. The effectiveness for a HPHX ,SHPHX ' is defi ned 
as the ratio of the actual heat transfer rate to the maximum possible heat transfer rate 
[50,99]: 
where, 
and 
S Jlf'HX = q a~lual ---------------------------------------------------------(7 .1 ) 
q~, 
q actual = m, (h! - h2 ) ---------------------------------------------------(7.2) 
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q ~ ~ m mm (II, - II. ) --------------------------------------------------(7.3) 
From Equat ions (7 .1 ), (7.2) and (7.3), it follows that the tota l effectiveness can be 
dctelmined by: 
e, ~ ~[;:: =;::) -------------------------------------------------(74) 
1nnrin 
where h/ is the fresh air enthalpy (State I), il] is the coil enteri ng air enthalpy (State 2) 
and h" is the coi l leaving air enthalpy (State 4) as ind icated in Fig. 7-\ (with respect to 
Fig. 5- 1); and where m~ is the ai r mass now rate of the suppl y fresh air; m~ is the air 
mass flow rate of the exhaust coil leaving air; and 11/ mln is the small er of 111 $ and m~ . 
However, in thc present research, III , = m. = m ~ . and therefo re, Equation (7.4) can be 
simplified to: 
e, ~ [~;, =::') -------------------------------------------------------(7.5) 
For each of the moist air states (1), (2) and (4), the enthalpies are determinable from the 
fundamental psychrometric relationship: 
II ~ II, + WII. ------------------------------------------------------------(7 .6) 
where ha is the specific enthalpy of the dry air component [kJlkgair], 
W is the humidity rati o in kgwatc/k&ir. 
and hw is the specific enthalpy of the water vapour component [kJlkgwate.-1 
This may be approx imated by: 
II ~ C ,T + Wh, ---------------------------------------------------------(7. 7) 
where Cp is the speci fic enthalpy of the dry air [kJ/kgKJ, 
164 
Ph.D. Thesis Chapler 7 
T is the dIy-bulb temperature [oq, 
W is the humidity ratio in kgwale/kgain 
and hg is the specific enthalpy of the water vapour saturated at dry-bulb 
temperature T [kJlkgwater]. 
Equation 7.7 is acceptably accurate III these analyses because at low water vapour 
pressures the enthalpy of superheated water vapour (as it exists in under-saturated air) is 
little different from the enthalpy of saturated water vapo ur (hg ) at the same temperature. 
In tUtTI, to a good approximation, 
II, = 2501 + 1.84T----------------------------------------------------(7.8) 
Taking Cp at a constant va lue of 1.005 kJfkgK. and Equation (7.8), it follows that: 
h = I.005T + W (250 1 + 1.84 T) ---------------------------------------(7.9) 
Equation 7.5 can also be used to determine the sensible energy effectiveness with the 
exception that the dry-bulb temperature T is used instead of enthalpy h, and sensible 
energy effectiveness, eSel/, can be represented by: 
C,," = m, (;, = ;,' )--------------------------------------------(7 10) 
11Imin 
In order to determine the sensible and total energy effectiveness, DBT and WBT for 
each air stream inlet and outlet must be known. Again, a modified version of the 
psychromettic software [86] was utilised to determine the psychrometric properties used 
in the sensible and total energy effectiveness calculations. 
For determining the sensible and total effectiveness, the following conditions are 
assumed: 
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1. The testing rig has a steady flow and the air is well mixed at each measuring state 
so that all measured psychrometric properties are representative of each air state. 
2. The HPHX is operating under steady state conditions for supply fresh air and 
exhaust coil-leaving air during each experiment. 
3. No external energy is supplied into or lost from the HPHX between its inlet and 
outlet states (i.e. the HPHX is fully insulated). 
Supply Air 
(State 5) 
D BT 5, VVBT 5, h5 
.... 
Fresh Air 
(State 1) 
.. 
~ 
o 
U 
CoilLe~Air 
(State 4) 
DBh VVBh14 
Coil Entering Air 
(State 2) 
Fig. 7-1 Schematic of the counter-flow HPHX for effectiveness 
ratings. 
7.3 Experimental Procedures 
The experimental procedures used for testing the HPI-IX have been described in 
Chapter 6 and the same experimental procedures were used for the current investigation. 
The only major variation in the testing set-up was that now the HPHX was tilted at a 
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position of 30° from vel1ical. Suitab ly angled transfOimation pieces were installed in the 
testing set-up to accompl ish this ori entation, as was shown in Fig. 5-8. 
In compali son with the full range of experimenta l conditions used in the tests 
described in Chapter 6, however, a more focussed set of tests was completed. A total of 
32 experiments was conducted: two system air flow rates, namely, 1.3 kg/m2s (1.1 mls), 
and 2.2 kg/m2s (2.0 mls) (the lowest and highest va lues respectively from the first test 
series). For each system airflow rate, all four entering dry-bulb temperatures were 
examined (20°C, 24 °C, 28 °C and 32°C) but, for each of these, only two entering RH 
va lues were examined, namely 70 % and 80 %. These two highest values of RH were 
studied because, if there would be any surface condensation fonning on the fins of the 
HPHX evaporator (with likely enhanced condensate drain-off in the tilted HPHX), it 
would be more likely under these highest two nominal RH va lues. Throughout each 
experiment, the system was allowed to achieve steady-state equilibrium conditions before 
experimental data were collected. 
7.4 Results and Discussion 
The following sub-sections describe and discuss the HPHX energy balance and 
effectiveness studies installed in an incl ined position. The bias uncertainty in the 
effectiveness results is given. 
7.4.1 Performance Results 
The data recorded by the Prema 3040 data logger were again analysed automaticall y 
by the psychromeh·ic software. rt is evident that EBR values, fo r all cases examined, are 
ranging from 0.87 to 1.05. These va lues again implied that the same experimental 
lInceliainty was present in these data (because the EBR should be exactly unity). 
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However, the overall results were sligh tly better accuracy and consistency than was the 
case for the vel1ical configuration (because the EBR values range in Table 7-1 is 0.04 less 
than the EBR values range in Table 6-1). Note that the EBR values in Table 6-1 , for all 
cases examined, are ranging from 0.89 to 1.11. The actual inlet air states for the HPHX 
evaporator are included in Tables 7-2 to 7-5. The detai ls of energy balance theory may 
be found in Chapter 6. 
Table 7-1 Energy balance ratio between the return and supply sides of the 
HPHX installed in a n inclined position. 
Mass Flux Rate at 1.3 kg/m2s 
Dry-bulb temperature l>h 
Energy Balance Ratio (EBR) = ----H.. 
(0C) 
6114_5 
RH -70% RH-80% 
20 1.05 0.95 
24 0.99 0.98 
28 0.99 0.87 
32 0.99 0.98 
Mass Flu x Rate at 2.2 kg/m2s 
Dry-bulb temperature 
Energy Balance Ratio (EBR) = 6 111_2 
(0C) 
6 114_ 5 
RH-70% RH-80% 
20 1.02 0.99 
24 1.02 0.95 
28 1.00 1.00 
32 1.02 1.00 
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Table 7-2 Vertical and Incl ined HPHX Effectiveness Analyses for Mass Flux Rate at 
2 1.3 kglm s and Nominal In let HPHX Evaporator RH at 70% 
Sensible Total Sensible Total 
Nominal ~~T 
{Celsius 
S~~te 1 DBT 
Celsius Sta~~ol\ RH Effectiven~o~s IAlfa:: 30° E(~ecliven~"~s AlCa:: 30" E7;ctiveness Alfa :: 0" E7:ctive~~~s AI{a :: 0" 
20 20.7 13.2 0 .48 0.27 0.54 0.33 
24 24.6 13.6 0.61 0.34 0.53 0.28 
28 26.9 75.0 0 .53 0.27 0.55 0.29 
32 30.9 76.5 0.54 0.25 0.64 0.34 
Table 7-3 Vertical and Inclined HPRX. Effectiveness Analyses for Mass Flux Rate at 
Nominal DBT Stale t DBT State I RH 
I I 
Table 7-4 Vertical and Inclined HPHX Effectiveness Analyses for Mass Flux Rate at 
2 2.2 kg/m s and Nominal Inlet HPHX Evaporator RH at 70% 
Sensible Tolal Sensible Tolal 
Nominal DBT Slate 1 DBT Siale 1 RH Effectiveness Effectiveness Effectiveness Effectiveness 
(Celsius) (Celsius) (%) (Nf. ~ 30·) (Nf. ~ 30· ) (Nf. ~ 0· ) (Nf, ~ 0·) 
20 20.8 73.6 0.62 0.38 0.69 0.47 
24 24.9 71 .3 0 .68 0.42 0.63 0.36 
28 29.7 71.3 0 .75 0.46 0.68 0.38 
32 31.5 73.6 0 .76 0.45 0.64 0.31 
Table 7-5 Vertica l and Inclined HPHX Effectiveness Analyses for Mass Flux Rate at 
2 2.2 kwm s and Nominal Inlet HPHX Evaporator RH at 80% 
Sensible Total Sensible Total 
NominalDBT Stale 1 DBT State 1 RH Effectiveness Effectiveness Effecliveness Effectiveness 
(Celsius) (Celsius) (%) (Alfa :: 30") (AiCa :: 30") (Alfa :: 0" Alfa '" 0°) 
20 21 .4 81 .4 0 .50 0.27 0.52 0.32 
24 23.8 80.8 0.53 0.27 0.53 0.27 
28 29.0 83.6 0 .57 0.28 0.62 0.28 
32 32.0 81.7 0 .65 0.30 0.71 0.37 
The influence of tilted angle on the performance of HPHX is shown in Figures 7-2 
through 7-9. For convenient reference, the actual ranges of effectiveness values fo r lhe 
vel1ical and inclined HPHX are included in Table 7-6. Sensible effectiveness (Fig. 7-2) 
was in the range of 0.48 to 0.61 for the HPHX tested in an inclined position run ning at 
1.3 kglm2s and State 1 RH ~ 70 %, as compared wi th 0.53 to 0.64 for the vertical HPHX 
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under the same conditions. For total effectiveness (Fig. 7-3) values were in the range 
from 0.25 to 0.34, and 0.28 to 0.34 for the incl ined and vertical HPHX respectively. Note 
that the data for sensible effectiveness and total effectiveness for 30° inclination at 24 °C 
in Table 7-2 appeared to be significantly out of line wi th the cOITesponding values at 
olher DBT values. These values indicated that experimental uncertainty was present in 
these data, and therefore an elTor analysis was conducted in Sub-section 7.4.2. 
For both sensible and total effectiveness, the temperature of the inlet air appears to 
have minor infl uence, but more impol1antl y, there is no clear evidence from these tests 
that inclin ing the HPHX results in altered performance. These results implied that the 
adverse influence on the heat transfer perfo rmance of the HPHX because of the 
disadvantageous return of the internal condensate inside the heat pipes was not significant 
for the high humid tropical HV AC system running at 1.3 kg/m2s and State 1 RH ~ 70 %. 
As was the case for the experiments of Chapter 6, there was no noticeable proof of 
surface condensation forming on the I-TPHX evaporator fins. 
Table 7-6 The actual ranges of effectiveness va lues for verti cal and inclined HPHX 
Sensible Effectiveness Total Effectiveness 
~~ss F~X Nominal RH 
lAlla - 30"1 lAlla - 0"1 lAlla = 30"1 lAlla = 0"1 kg/m2s (%) 
1.3 70 0048 - 0.61 0.53 - 0.64 0.25 - 0.34 0.28 - 0.34 
1.3 80 0041 - 0.49 0040 - 0.50 0.20 - 0.21 0.20 - 0.21 
2.2 70 0.62 - 0.76 0.63 - 0.69 0.38 - 0.46 0.3 1 - 0.47 
2.2 80 0.50 - 0.65 0.52 - 0.71 0.27 - 0.30 0.27 - 0.37 
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Fig.7-2 Sensible effectiveness - inclined HPHX versus vertical 
HPHX for mass fl ux rate at 1.3 kg/m2s and State 1 RH ;::;! 70 %. 
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For all other cases examined (Figures 7-4 through 7-9), it was apparent that the actual 
ranges of effectiveness values (Table 7-6) for both sensible and total effectiveness have 
the similar trend (i. e. showed no significant difference in the effectiveness values 
between the inclined and vertical HPHX), shown in Figures 7-2 and 7-3. These results 
for the inlet air nominally at 80% RH again indicated that the adverse influence of 
inclination on the internal condensate return within the heat pipes was not significant for 
the tropical HV AC system. Additionall y, there was still no evidence of surface 
condensation on the evaporator fins. From the viewpoint of HV AC system design these 
results suggested that the HPHX orientation is not critical and that the typically-used 
vertical confi guration is neither beneficial nor detrimental in comparison with an inclined 
position - at least up to the tilting of 30° applied in these expeliments. 
Any different approach from a vertical configuration would add to the complication 
and resulting pressure drops of the duct work needed to house a HPHX in a typical 
HV AC system, so this is an encouraging result for HV AC system designers. 
For all cases examined, the total effectiveness was much lower than the sensible 
effectiveness. This is due to the fact that the total effectiveness is calculated based on 
enthalpy terms (i.e. taken into account of the latent component of the air), and therefore 
the total effectiveness is lower than sensible effectiveness, which is calculated based on 
dry-bulb temperature. In addition, the present research added support to the view that the 
incl ination angle had negligible effect on the internal perfOlm ance of the HPHX as 
suggested by all previous researchers [96, 97 and 98] with the exception of the research 
work conducted by Guo et. al. [49]. 
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7.4.2 Error Analysis 
[t should be noted that the objective of the present chapter was to examme the 
influence, if any, of inclining the HPHX on its perfOimance and possibly causing a 
change in effectiveness, so highly precise data was not considered necessary. Even so, a 
partia l error ana lysis on effectiveness studies was conducted to prove whether or not the 
errors present in the results were inside the acceptable limit. 
A bias uncertainty analysis on the effecti veness studies was conducted for a 
representative experimental run for the inlet HPHX evaporator DBT at 29.6°C, .RH at 
71.3% and mass flux rate at 2.2 kglm2s (0.205 kg/s) . This representative experimental 
run was chosen due to the same reasons as mentioned in Section 6.4. I. 
The bias uncertainties for the sensible and total effectiveness are 0.7 and 5.4 % 
respecti vely. The main reason for this bias uDce11ainty difference between the sensible 
and total effectiveness can be attributed to the fact the sensible effectiveness needs only 
temperalllre data bu t the total effectiveness needs both temperature and humidity rat io 
data. Because wet-bulb temperature sensors contribute relatively high elTors compared to 
dry-bu lb temperature sensors, the bias uncertainty for total effectiveness is slightly larger 
than for the sensible effectiveness. These results suggested that nonunifOlm temperature 
distributions again were present during this expelimental run (see Table M-2). The 
details of the bias uncertainty analysis for effectiveness studies are included in the 
Appendix M. 
7.5 Concluding Summary 
In thi s chapter, the HVAC system was tested with the wickless 8-row HPHX in an 
inclined position to examine the consequences, if any, that inclining the HPI-IX would 
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have on its overall effectiveness. The resu lts showed that, for the conditions examined, 
the possibly adverse infl uence on internal condensate retum within the heat pipes orthe 
HPHX was negl igible and, in the on~going lack of evidence of any surface condensation 
on the coil fi ns, the HPHX in a typicall y-used vertical configuration could perform 
equally as well as it would if the HPHX was installed in an inclined position. This result 
suggests that the more easily incorporated vertical configuration for the HPHX should be 
satisfactory under all conditions and, simultaneously, in line with the results of those 
earlier studies [96, 97, 98] which indicated that devices based on wickless heat pipes (i.e. 
heat pipes with gravitational internal condensate rerum) can be tilted substantially with 
no obvious detrimental effects on the HPHX performance. 
With the influence of HPHX inclination now establ ished, the final phase of the 
experi mental testing was carri ed out. In these tests, presented in the nex t chapter, the 
same BV AC system was used but without the HPHX installed to determine the baseline 
performance of the chilled water coi l alone for compari son purposes . 
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Chapter 8 
EXPE~NTALPROCEDURESANDRESULTS 
SERIES 3 - TEST WITHOUT HPHX, AND COMPARISONS 
WITH THE SYSTEM WITH HPHX 
8.1 I ntroduction 
In Chapter 6, the baseline perfollllance charactelistics of the 8-row wickless HPHX 
were established for it being used in a vel1ical configuration under trop ical climate 
conditions. In Chapter 7, the HVAC system was tested wi th the wickless 8-row 
HPHX in an inclined position to examine the influence on intemal functioning of the 
heat pipes, if any, of tilting the HPHX and possibly causing a drop in performance. 
Chapter 8 now covers the tests and simulation conducted on this same experimental 
HV AC system wi thout the HPHX install ed, thereby detennin ing the enthalpy change 
for the air passing through the chilled water coil alone (i .e. without the pre-cooling or 
reheating effect of the HPHX). 
This series of experiments was an investigation into how the enthalpy change 
across the chilled water coil was influenced by each of three key inlet parameters: 
Inlet dry-bulb temperature 
Inlet relative humidity 
Air mass fl ux rate 
These experimental results, in comparison with those already obtained, would also 
allow an examination of how the reheat recovery with the 8-row HPHX installed was 
in fluenced by the same key inlet parameters. 
The basis for the va lues chosen for three experimental valiables above will be 
reviewed fi rst in Section 8.2 . The data for each of experimental runs and simulation 
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are presented, analyzed and discussed. To allow meaningfu l compali sons to be made 
wi th the system being operated with the HPHX, a procedure to nOlmalize the air inlet 
conditions was necessary. Commercial chilled water co il selection software was to be 
lIsed for this normalizing, and the validity of doing this was velified by testing it 
against the actual perfOimance of the CWe. This procedure is described in Section 
8.3. The specific theory relevant to the enthalpy change will be explained later in 
Section 8.4, and a conclud ing summary given. 
8.2 Experimental Procedures 
The same experimental procedures described in Chapter 6 were used for the current 
investi gation, with the exception that in the CUITent invest igation, the gate valve in the 
thenno~stated chilled water circulator system was used to control the flow rate of the 
chilled water (i.e. control the cooling capacity of the CWC) for comparison purposes. 
The flow rate of the chilled water was controlled to match the duty of the non~HPHX 
system to the duty of the HPHX system under the same air inlet conditions (by checking 
the product of flow rate of the chilled water with spec ific heat of water and the chilled 
water temperature difference). 
By doing this, the cwe was contributing the same amount of cooling (with and 
without the HPHX present) so that any improvement in the overall cooling and 
dehumidify ing perfOimance of the system could be attributed directly to the HPHX. 
A total of 12 expeliments was conducted: three system air flow rates, namely, 1.3 
kglm' s ( I.I mls coi l face velocity), 1.9 kglm's (1.7 mls) and 2.2 kglm's (2.0 mls) (the 
lowest, mid~range, highest values respectively from the first test seri es). For each 
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system air flow rate, only two enteting dry-bulb temperatures were examined (20 and 32 
°C) and, for each of these, again, only two enteri ng RH values were examined; namely, 
50 % and 80 %. Only these lowest and h ighest two nominal DBT and RH values were 
used in this test series because these conditions would be those most likely to show 
significant difference in the enthalpy change in compalison with the I-TV AC system 
running with the HPHX install ed. Thro ughout each experiment, the system was allowed 
to achieve steady-state equi librium conditions before experimental data were collected. 
8.3 Coil selection software simulation for comparison purposes 
In order to analyse en thalpy change with and without a HPHX installed in the HV AC 
system, SPC coil selection software was used to nOimalise the State-l air sta tes (with 
respect to Fig. 5- 10) for all twelve runs o f the current experimental seri es to match the 
State- l air states of the experimental runs conducted earlier in the first series of tests with 
the HPHX installed (Chapter 6). 
This notmal isation was essenti al because in both seri es of expeti ments (i .e. those wi th 
the HPl-IX in Chapter 6 and those without the HPHX in thi s chapter), it was not possible 
to achieve suCficiently close control over the air inlet state to allow a meaningful 
compan son between the perfOim ances of the two systems under the same inlet 
conditions. 
To verify that this pmiicular software was an approptiate tool to use fo r this 
nOtm ali sation process, the actual experimental resu lts from the present series were 
compared with the coil outlet air states predicted by the SPC software [85]. For this 
comparison, the relevant physical data for thi s particul ar chill ed water co il was entered 
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into the appropliate input fields, along with the actua l air inlet conditions in each 
experimental run. The software predicted the conesponding DBT and WBT of the air 
leaving the coil in each case, and these values could be compared with the cOlTesponding 
experimental measurements (Table 8-1). 
Table 8-1 Comparison between experimental and simulation resu lts for 12 
without HPHX system 
Nominal condit ions at Actual a ir state Air state at coil Ch illed 
inlet to cooling coil at inlet (State2) Outlet (State3) Water 
ORT RH Air OBT (0C) WBT (0C) 
(0C) (%) Face OBT WBT Equivalent Flow AT 
Velocity (0C) eC) RH Ex p. Simul. Exp. Simul. Rate (0C) (mI,) (%) (II,) 
1.2 21.0 14.B 5104 10.7 11.2 9.6 9.9 0.38 1.1 
50 1.7 19.7 13.9 52.7 11.1 1104 9.6 10.0 0.38 1.0 
20 2.0 20.7 14.2 49.0 13.9 12.7 10.8 11.2 0.38 1.1 
1.2 20.3 18.2 82.0 13.9 13.7 1304 13.3 0.38 1.0 
80 1.7 21.5 19.3 81.7 16.1 16.6 15.6 16.0 0.35 1.4 
2.0 21.3 18.9 80.0 16.3 1704 15.8 16.6 0.36 1.2 
1.2 3104 22.5 46.7 20.1 21.6 17.8 18.3 0.38 1.2 
50 1.7 3104 24.3 56.0 22.3 24.1 20.8 20.9 DAD 1.6 
32 2.0 32.0 24.3 53.4 24.5 25.5 21 .5 21.7 0.38 1.1 
1.2 32.1 28.6 77.1 25.2 2504 24.2 24.9 0.36 1.5 
80 1.7 31.7 28.6 79 .4 26.3 27.4 25.6 26.7 0.38 1.5 
2.0 31.2 27.6 76.1 2704 2704 25.7 25.9 0.38 1.2 
The comparison is encouragingly good for all cases examined with variation generally 
less than ± 1,0 ·C (accepting that some uncel1ainty is present in each experimental 
reading), giving confidence in using the SPC software as a tool for predicting the 
perfonnance of this pal1icuiar chilled water coil under air inlet conditions differing, 
within reasonable limits, from those occun"ing during these experiments. 
In addition, the software was applied to predict the ewc enthalpy change for airflow 
rates at 1.6 kg/m2s (1.5 mis coi l face velocity) and 2. 1 kg/m2s (1.9 mis). The same 
configurations of State- I conditions were examined for these two airflow rates; namely, 
DBT at 20 and 32 °e and RH at 50 % and 80 %. Note that the same ewe's air-side, 
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fl uid-side and physical data were used for both HPHX and non-HPHX systems running 
under the same airflow rates. 
8.4 SPC Coil Selection Software Normalising P rocedures 
Jt is now apparent that the SPC Coil Selection Software can be used to predict the 
CWC coil performance. Therefore, all twelve runs of the current experimental seties 
were normalised to match the State-l air states of the experimental runs conducted earlier 
in the first series of tests as described in the next paragraph. 
To predict the State-3 condition of the cwe, the information described in Section 8.3 
together with the State- l conditions in Chapter 6 were entered into the appropliate input 
fi elds shown in Fig. 8- 1. The air off DBT and WBT (Fig. 8-1) are the State-3 conditions 
simulated by the coil selection software. Note that the coil selection software assumed 
that State 1 conditions became coincident with State 2 conditions, and State 3 conditions 
became coincident with States 4 and 5 conditions (with respect to Fig. 5- \ 0). 
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Fig. 8-1 The typical simulation procedures for the ewe. 
Simulation shown for the case of nominal DBT at 
32, RH at 80% and mass flux rate at 2.2 kglm2so 
Chapter 8 
The typical ewe normalising procedures is shown for the case of nominal DBT at 32, 
RH at 80% and mass flux rate at 2.2 kglm2s in Figo 8-2. The initial psychrometric path 
for States 2 to 3 is normalised to States 2' to 3' (Fig. 8-2) through normalising steps just 
mentioned in the previous paragraph. Note that these normalised data (States 2' to 3') 
were used to calculate the enthalpy change, reheat recovery and EPR for the HV Ae 
systems using a modified version of the psychrometric software [86]. 
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The typical nonnalising procedures from States 2 - 3 to 
States2 ' -3 ' . 
8.5 Overview of the Theory Relevant to the Present Chapter 
35 
When hot and humid air is cooled at constant total pressure to a temperature below its 
dew point temperature, some condensation of the water vapour occurs. This process is 
the most commonly used means of dehumidification in AC systems. Figure 8-3 shows 
the schematic diagram of a dehumidifier with a heating coil. 
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Cooling and Dehumidifying Coil 
1 2' 3' 
I 
Condensate 
Fig. 8-3 Schematic of a cooling coil with a conventional 
heating coil. 
Conventional Dehumidification Approach - Process 1-2' 
Chapter 8 
Consider a conventional air handler unit (AHU) system with a minimum amount of 
hot water or steam reheat to decrease RH in the conditioned space to 60% or less per 
ASHRAE requirement [100]. Air enters at State 1 and flows across a cooling coil 
through which chilled water circulates. Then some of the water vapour initially existing 
in the air condenses since the copper tube surface is colder than the dew point 
corresponding to the inlet air' s humidity ratio. The near saturated coil leaving air exits 
the air conditioner at State 2' (Fig. 8-3). 
Conventional Reheating Approach - Process 2'-3' 
The coil leaving air usually has high RH. If the space condition line is too steep or the 
coil leaving temperature is too low to be acceptable for supply, reheat is required. 
Therefore, the coil leaving air state must be reheated before supplying to conditioned 
space as shown by Process 2' -3' (Fig. 8-4). 
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Conventional overcooled and reheat processes in a typical 
AHU. 
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Process 1-2' is the original AC active cooling load and can be represented by [41]: 
. . ( ') Qotc = m a hI - h2 -------------------------------------------------(8.1) 
Process 2' -3' is the reheat load and can be represented by: 
. . ( ' ') Qor = ma h3 - h2 -------------------------------------------------(8.2) 
The HPHX evaporator pre-cooling ratio is defined as: 
EPR = (Qhac - Qotc )/ Qotc --------------------------------------------(8.3) 
where Q"ac is the combined total cooling load (Equation 6.3) 
and Qotc is the original AC active cooling load (Equation 8.1) 
From Equations (6.3) and (8.1), it follows that the HPHX evaporator pre-cooling ratio 
can be detemlined by: 
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(hI -h3)-(hl -h; ) EP R = ,-------------------------------------------(8.4) 
hI - h2 
where hI -h3 is the enthalpy change (see Fig. 8-5), H, for the 
system with a HPHX installed, and hI - h; is the enthalpy change, 
H', for the system without a HPHX installed. 
and Equation (8.4) can be simplified to: 
h; - h3 EP R = , ---------------------------------------------------------(8.5) 
hI -h2 
The form of Equation 8.5 shows that if the HPHX was to have no effect at all (so 
States 2' and 3 are identical), the EPR is zero. Therefore, the magnitude of the EPR is a 
useful indicator of the extent to which the cooling and dehumidifying capability of the 
system has been enhanced by the HPHX. 
The detailed theory relevant to HPHX pre-cooling, dehumidification and reheating 
processes may be found in Section 6.2. 
Psychrometric Chart 
Standard Atmos. Pr.ssure (101.3 kPaj 
CAt .. S Tod<. r 1998 
Dry-Bulb Temperature [deg. C] 
Fig. 8-5 HPHX overcooled and reheat processes in a HY AC system 
(Fig. 6-1 repeated here for convenience). 
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8.6 Results and Discussion 
The following sub-sect ions describe and discuss the enthalpy change with and without 
a HPHX installed in the HV AC system and the reheat recovery with a HPHX install ed in 
the same system. The uncertainty analysis in these results is also given. 
8.6.1 Performance Results 
To detennine the enthalpy change+ with and without a HPHX installed in a tropical 
HV AC system and the reheat recovery with a HPHX installed in the same system, again, 
a modified version of the psychromettic software [86] was developed to analyse data 
collected from experiments. These data recorded by the Prema 3040 data logger were 
analysed automatically by the psychrometric software. The following palts (a) and (b) 
describe and discuss the influence of respectively, inlet air State- I (as characterised by its 
RH and temperature) and air velocity on the specific enthalpy change, the HPHX EPR 
and the reheat recovery of the HV AC systems. 
(a) Influence of relative humidity and temperatnre 
Figure 8-6 shows the extent to which the specific enthalpy change + of the entering air 
is decreased when the inlet air temperature is 20°C and its relative humidity is either 50% 
or 80%. Figure 8-7 shows the cOlTesponding data but for 32°C air inlet temperature. The 
discussion here emphasises the veltical separations of these data; the effect of air 
velocity, as represented within the ai r mass flux, is discussed separately in (b) below. 
In both Figures 8-6 and 8-7 it is obvious thai the HPHX has had the expected and 
desired influence of increasing the overall cooling and dehumidifying capacity of the 
system. 
+ 11 should be /lOled that enthalpy change carries the same meal/ing as enthalpy drop 
ill the present research. 
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The enthalpy change for State-l DBT at 32 DC both with 
and without HPHX systems versus air mass flux rate. 
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Not as readily expected is the result that this improvement of the system's cool ing and 
dehumidifyi ng performance is greater at 50% RH than it is at 80%. This is believed to be 
due to the pal1icular at11ibutes of the HPHX in compatison with the ewe. Essentially 
the HPHX presents to the entering air cooling surfaces which are at a higher temperature 
than those of the ewe which would, in the absence of the HPHX, process the air at 
State-\. Thus the moisture removal capability of the HPHX (i.e. dealing with the latent 
component of the load) is less than that of the ewe but it can perfonn a reasonably well 
the task of dealing with the sensible component of the load. 
In doing so, the HPHX relieves the ewe of some of the total load, which otherwise it 
would have to canoy on its own, thus allowing the ewe to devote more of its capacity to 
dealing with the latent component. In other words, the HPHX induces the re-distribution 
of the sensible and latent cooling capacity of the HVAC system. 
Because, for a given air temperature, an air state at 50% RH (see Fig. 8-8) is further 
away from the saturation curve than a state at 80% RH, the HPHX has "more room" (in 
psychrometric terms) to perform the sensible cooling to which its attributes are best 
suited. It then, in tum, passes on to the ewe an air state, which being now nearer to the 
saturation curve, allows the ewc to dehumidify efficiently. 
However, when the inlet temperature is low (200e, as III Fig. 8-6), the "room" 
avai lable for the HPHX. to canoy out what is does best is much more restricted than it is 
when the air is at 32°e (see Fig. 8-8). This can be observed in Fig. 8-6 where there is 
almost no difference between the lines for 50% and 80% RH for the case of the HPHX 
being used with the ewe. At 32°C (Fig. 8-7) the conoesponding lines are quite obvious ly 
separated. 
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Fig. 8-8 Psychrometric sketch to illustrate the "room" available to 
perform the sensible cooling for a given air state. 
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Figure 8-9 provides a different perspective on some of the points that have been just 
mentioned. The (HPHX) evaporator pre-cooling ratio (EPR) is a dimensionless approach 
of expressing the enthalpy drop achieved. Despite the significant scatter in the data, in all 
cases the EPR is higher for 50% RH air than it is for 80% RH. 
The reheat energy recovery for the HPHX condenser is defined as the air mass flow 
rate multiplies the air enthalpy difference between the inlet and outlet of the HPHX 
condenser. The reheat energy recovery by the HPHX condenser is shown in Figures 8-10 
and 8-11. The reheat energy recovery for State-1 DBT at 20°C (Fig. 8-10) was in the 
range of 0.59 to 1.54 for RH at 50 %, and at 80 %, it was ranging from 0.43 to 0.90. 
This implies that reheat energy recovery is more effective at lower RH. This is due to the 
fact that at lower RH, the HPHX evaporator uses up all its cooling capacity, and 
therefore, the same amount of duty is expected to be transferred to the HPHX condenser 
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(because if the EBR equal to unity then all energy extracted from the hot air stream is 
transferred to the cold air stream through the HPHX condenser). 
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Fig. 8-9 The actual EPR values versus air face velocity. 
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The reheat recovery by the HPHX condenser versus 
air mass flux rate for State-1 DBT at 32°C. 
In Fig. 8-11, the reheat energy recovery for higher State-1 DBT at 32°C was in the 
range of 1.39 to 2.00 for RH at 50 %, and for RH at 80 %, it was ranging from 0.61 to 
0.81. Again, it was apparent that the lower RH showed greater reheat recovery. 
(b) Influence of ai r velocity/mass fl ux r ate 
Because Figures 8-6 and 8-7 show the enthalpy drop on a specific (i.e. per unit mass) 
basis, it is to be anticipated that an increase in mass flux will decrease the amount by 
which the enthalpy of each kilogram of air is reduced under all air states. It is the product 
of mass flow rate and enthalpy change that represents the actual cooling capacity and, by 
simple inspection, it is clear that this capacity is improved at higher mass flux (which, for 
a given coil, represents higher velocity). 
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This is consistent with acknowledged heat h'ansfer principles that convective heat 
transfer increases with increasing air velocity. The drawback of this (conunon to all air 
processing coils) is that the associated increase in pressure drop carries a fan power 
penalty so a compromise in air velocity is essential. 
In Fig. 8~9, the EPR increases with velocity but this is not in contradiction to the 
downward trends in Figures 8~6 and 8~ 7 because EPR is dimensionless. The favourable 
influence that higher velocity has on heat transfer is obvious. 
The effect of air mass flux rate on the reheat recovery energy of the HV AC system 
with a HPHX installed is presented in Figures 8-10 and 8-1 1. For all cases examined, the 
reheat recovery energy generally increased with increasing air mass flux rate. This 
implies that higher air mass flux rate is required for better reheat effect. However, the 
reheat recovery for air mass flux rate at 1.9 kg/m2s, State-! DBT at 20°C and RH at 80% 
(Fig. 8-7) has dropped slightly. A similar trend is shown in Fig. 8-8 for air mass flux rate 
at 1.6 kg/m2s, State- ! DBT at 20°C and RH at 50%. These two exceptions to the general 
h'end suggested that greater uncertainty might be present in these pat1icular data. 
Therefore, a pal1iai error analysis was conducted (Sub-section 8.6.2) to examine whether 
these data are valid. 
Similar trends to those shown in Figures 8~6, 8-7, 8-10 and 8- 11 were obtained in 
previous research conducted by Wu et. al. [41] (Figures 8-12 and 8-13) but these tests 
were under significantly different conditions so quantitative comparisons can not be 
made. 
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The enthalpy change and reheat recovery energy analyses data for all air processes in 
both HPHX and non-HPHX HV AC systems, for all 24 experiments, are plotted on the 
psychrometric charts and included in Appendix N. 
Enthalpy Change for the Air Passing Through the Cooling 
Section ( i.e. excluding reheat effect) Vs Air Mass Flux Rate 
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The influence of air mass flux rate on drop in enthalpy 
conducted by W u et. al. [41]. 
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8.6.2 Error Analysis 
The major aim of the experiments described in the present chapter was to detennine 
the enthalpy change for the air passing through the chilled water coil alone (i .e. without 
the pre-cooling or reheating effect) of the HPHX. Because the performance data for this 
particular CWC will not be used in the final simulations of this work, obtaining highly 
accurate data was not considered essential. However, a full set of realistic data to 
examine the perfonnance characteristics of the HV AC systems with or without a HPHX 
installed is required in this research for comparison purposes. Therefore, a partial error 
analysis on enthalpy change, reheat recovery and pre-cooling ratio (EPR) was conducted 
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to demonstrate whether or not the en·ors present In these results were within an 
acceptable bias uncel1ainty limit. 
A bias uncertainty analysis on the effectiveness studies was conducted for a 
representative experimental run for the inlet HPHX evaporator DBT at 2 1.0°C, RH at 
82.7% and mass flow rate at 0.176 kg/so The mass flow rate at 0.1 76 kgls was actually 
the mid-range of the five that were tested. The same bias uncertainty analysis was also 
conducted for the system without a HPHX installed for the same configurations 
mentioned above to determine the en·or for EPR. 
The bias uncerta inties for enthalpy change and reheat recovery are 6.3 and 32.2 % 
respectively. The main reason for this significant bias uncertainty difference between the 
enthalpy change and reheat recovery can be traced to the fact the enthalpy change needs 
only temperature and humidity data but the reheat recovery needs temperature, humidity 
ratio and mass flow rate data. In tum, the mass flow rate needs velocity and temperature 
data from velocity traverse, and therefore, the errors in velocity and temperature data 
propagate to dependent variables. 
The bias uncertainty for the pre-cooling ratio (EPR) is relatively low at 12% (Table 0-
14) compared to the reheat recovery error. This is attributed to the fact that the bias 
uncertainty for both enthalpy changes Hand H' are not significant (Tables 0-8 and 0-
13), and therefore, the etTor in the dependent variable, EPR, is not significant. 
Both wet-bulb and dry-bulb temperature sensors contribute bias errors to the enthalpy 
changes and reheat recovery (see Tables 0-2 and O- IO). These results suggested thai 
relati vely small non-uniform temperature di stl;butions were again present during this 
expelimental run. The bias uncertainty for mass flow ra te is 6.5% (Table 0-7). This 
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en'or indicated that relatively small non-unifo rm velocity distributions were present 
dUling this experimental run (see Tables 0-5 through 0-7). 
In summary, all independent and dependent variables examined in this partial en or 
analysis were within the bias uncel1ainty limit. The detai ls of the bias unceltainty 
analyses for enthalpy changes H and H', reheat recovery, mass flow rate and EPR are 
included in Appendix O. 
8.7 Concluding Summary 
In this chapter the enthalpy change and reheat recovery energy of the HY AC system 
with or without a HPHX insta ll ed have been examined, These resul ts show that the 
enthalpy change with a HPHX install ed for all cases examined are significantl y higher 
than enthalpy change without a HPHX insta lled, demonstrati ng that the cooling capabi lity 
of the ewc was enhanced by the HPHX, 
With the baseline perfOlmance of the chilled water coil alone established fo r 
comparison purposes, the expelimental testing lig simulation using TRNSYS would be 
carried out. In this simulation, presented in Chapter 9, the direct comparison between the 
experi mentally measured air states around the system and those predicted by the 
simulation of the same components will be examined. 
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Chapter 9 
THE TRNSYS SIMULATION OF THE EXPERIMENTAL HV AC SET -UP WITH 
AND WITHOUT THE HPH)( 
9.1 Introduction 
In Chapter 4, the necessarily limited comparison between possible HVAC system 
types on the year-round impact on energy consumption and dehumidi ficat ion in an 
operati ng theatre located in a tropical area was investigated theoretically with an 
approximate HPHX model. In Chapters 6 to 8, three series of experiments were 
conducted under controlled conditions to establish the basel ine perfOlmance 
charactelistics of the HPHX. Now, the same TRNSYS simulation program is to be used 
to simulate the components in the experimental test rig used in the experiments described 
in Chapters 6 and 8. This simulation wi ll give confidence that the actual behaviour of a 
complex heat and mass transfer device (the CWC in this case) can be simulated to good 
accuracy. At this stage, it must he mentioned again that the HPHX theoretical model 
presented earlier in Chapter 3 is no longer a factor in the present chapter. 
However, it should be noted that the simulation in the present chapter is an empi rical 
representation rather than a fundamental representation fo r hoth HPlfX and CWC. Also, 
the air pressure drop and velocity are not represented in the model, and therefore the 
primary purpose of thi s simulation is to demonstrate that the cwe air states could be 
represented satisfaclOlily in software by empirical relationships. A secondary, but still 
important objective, is to verify that the standard TRNSYS psychrometIic aigOli thms are 
conect in their representation of various moist air states and the processes laking place 
between them. 
199 
Ph.D. Thesis Chapter 9 
Tn addition, it must be mentio ned that the HPHX. representation should work well in 
the present simulation because, after all, the HPHX characteristics are fitted to the 
expetimental results. In other words, this simulation of the HPHX behaviour should, if 
its empirical representation is perfOimed cotTectiy, recover to very good accuracy the 
same moist air states as were obtained in the experimental runs from which the empilical 
representation is obtained, 
In this study, the TRNSYS simulation models were established to represent the 
experimental set-up, both with and without the HPHX, and comparisons made between 
the actual and simulated air states around the testing rig. 
9.2 TRNSYS Overview 
The same TRNSYS simulation program is applied in the present chapter for 
computing results with the exception that the model is now built based on empirical 
perfonnance characteristics of not only the HPHX but also the other HV AC components 
in the experimental set-up. The modular nature of TRNSYS has allowed empilical 
representations of all HV AC components to be added into the TRNSYS programme. For 
this reason, the perfonnance characteristic curves for the chill ed water coil in the 
expelimental set-up were extracted from S&P Coi l Selection Software [85] to be used in 
the present simulation +. Also, the 8-row HPHX performance characteristics were 
eXh'acted from Figures 6-2 through 6-5, and written as a FotiTan source code to represent 
HPHX perfonnance empiricall y in TRNSYS. The heat transfer correlations to represent 
the HPHX perfolmance characteri stics are discussed in Section 9.3, 
... Tlte reason for 1I0t /Ising tlte origillal SteeljoJ"t coil pe1foJ"lIIallce characteristic is givell shortly ill 200 
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The subroutine for the empitical 8-row HPHX (Type 282) simulates the actual leaving 
dry-bulb temperatures and humidity ratios for both HPHX evaporator and condenser fo r 
constant equal mass flux rate at 2.2 kg/mls, given the enteling DBT and RH for the 
HPHX evaporator, and the entering DBT and humidity ratio for the HPHX condenser. 
The perfOimance curves for these parameters can be viewed by reference to Figures P-I 
through P-4 in Appendix P. The detai led empirical source code of this component can be 
found in Appendix Q. 
The methodology for using TRNSYS program to simulate the hour-by-hour air states 
as well as the entire TMY energy consumption of OT8 located in Kuala Lumpur has been 
described earl ier in Sections 4.2 through 4.4. The same method was used aga in here with 
the exception that the empilical source codes for all non-standard TRNSYS components 
were developed and custom-built into TRNSYS as just outlined, and it is no longer an 
hour-by-hour or annual simulation. In other words, it is a steady state simulation. 
The range of data in the first and third selies of tests described early in Sections 6.3 
and 8.3 respectively are used to choose a representative range of data for air states 
simulation in this chapter. A total of 8 models was simulated: A single system air flow 
rate, namely, 2.2 kg/mls (2.0 mls) (the highest values from the first test series) was used 
in the present simulation. For this system ai r flow rate, only two entering dry-bulb 
temperatures were examined (20 and 32 0c) and, for each of these, only two enteling RH 
values were examined; namely, 50 % and 80 %. Only the highest airflow rate was used 
in thi s simulation because these data will be used in the final series of TRNSYS 
simulations in Chapter 10. 
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Two different HV AC plant configurations are the subjects of these simulations; they 
have been labelled as Plants Steelfort-l and Steelfort-2 to provide a clear distinction from 
Plants A, Band C in Chapter 4. Plant Stee1fort- l is a HVAC system without the HPHX, 
whereas Plant Steelfort-2 is a HV AC system with the HPHX. 
In each case, the appropriate TRNSYS circuit has been assembled using IISIBAT 3.0 
software, and the arrows in the TRNSYS circuit indicating the airflow direction. Figure 
9-1 is the circuit+ for Plant Steelfort-2 and the processes and functions represented by 
these components are summarized in Table 9-1 . The details for data selection for the coil 
performance empirical curves are described shortly in the next section. 
'PE33f 
Fig. 9-1 
+ 
- ..... U ~ 
- - Typ.2l'~ 
DBT1 
WBT1 
Typ.266 
nl'EJ3 f-2 
TYFW. 
TVPEn : 
Typical TRNSYS components in Plant Stee1fort-2 to simulate air 
states around the HV AC system with respect to Fig. 5-2. 
+ The double arrows indicated by the red-dotted lines in Fig. 9-1 represent two separate air streams 
(one for the HPHX evaporator and the other onefor the HPHX condenser) in TRNSYS. 
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Table 9-1 The TRNSYS Processes and Functions in Fig. 9-1 
Code or Label in Fig. 9~t Description of Component or Function 
Process Represented 
TYPE33f-3 Psychrometric Calculator This component takes the 
entering DBT and WBT as inputs 
to calculate the leaving humidity 
ratio, OBT, WBT and RH as 
oUIp_uts. 
Type282 HPHX This component takes the 
entering HPHX evaporator DBT, 
humidity ratio and RH as inputs 
to calculate the leaving HPHX 
evaporator OBT and humidity 
ratio as outputs. Simultaneously, 
this component takes the entering 
HPHX condenser OBT and 
humidity ratio as inputs to 
calculate the leaving HPHX 
condenser DBT and humidity 
ratio as outputs. 
TYPE33c-3 Psychrometric Calculator This component takes the 
entering OBT and humidity ratio 
from the HPHX (evaporator) as 
inputs to calculate the leaving 
humidity ratio, RH and OBT as 
outputs. 
Steelfort Chilled Water Coi l Type266 This component takes the 
entering OBT, WaT and RH as 
inputs to calculate the leaving 
DBT and WBT as outputs. 
TYPE33f-2 Psychrometric Calcu lator This component takes the 
entering OBT and WBT as inputs 
to calculate the leaving humidity 
ratio and OBT as outputs. 
TYPE33c-2 Psychrometric Calculator This component takes the leaving 
OBT and humidity ratio from the 
HPHX (condenser) as inputs to 
calculate leaving humidity ratio, 
RH and DBT as outputs. 
Plinter Type25a The printer component is used tn 
display outputs for all air states 
(i.e. DBTI> WaTt. DBT2, WBT2, 
OBT~ , WBT4, OBTs and WBTs) 
around the circuit. 
9.3 Building Heat Transfer Correlations for the Steelfort Coil and the HPHX 
The following sub-sections describe the building of heat transfer correlations for the 
SteelfOJt Coil (Sub·section 9.3. 1) and the HPHX (9.3.2). 
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9.3.1 The Steelfort Coil 
In order to simulate the air states around the ci rcuit with and without a HPHX install ed 
in the HVAC system, the chilled water coil selection software must be used to extract the 
performance charactetistics of the chilled water coil. UnfOitunately the manufacturer's 
software prediction of the original Steel fort coil perfomlance characteristi cs were not 
obtainable from Steel fOit Engineering Ltd. even after numerous requests were sent to the 
company. The S&P coil software [85J can predict the air states of the SteeifOlt co il quite 
well, however, with variation generally less than ± 1.0 ·C as mentioned earl y in Section 
8.3 . Hence the coil characteri stics in the S&P software again were extracted to be buill 
into TRNSYS to predict air states around the HV AC circuits. 
To allow a meaningful direct comparison between the experimentally measured air 
states aro und the system and those predicted by the simulation of the same components, 
the simulation data were selected from the first and third series of tests descri bed 
respectively in Chapters 6 and 8. These data ranges were si mulated using the S&P coil 
software and the coil characteristics were then built as coil perfonnance cOlTelations as 
shown in Figures R-l through R-12 in Appendix R. 
To build empirical expressions for the CWC, three data points (i.e. the highest, mid 
range and lowest), for each examined cases, are selected from the actual ranges of the 
inlet DBT and WBT both in the fi rst and third selies of tests in Sections 6.3 and 8.3 for 
the highest value airflow rale at 2.0 mls. Note that the OBT and WBT va lues fo r the 
examined case must be wi thin the range of the highest and lowest va lues of the chosen 
data points. 
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These inlet OBT and WBT values are input to the S&P coil software to estimate the 
outlet air states. The results generated by the coi l software are then built as coil 
perfonnance cOiTelations just mentioned above. A second order polynomial curve-fitting 
method is used in the cOiTelalions because it gives sufficiently accurate results with R 
values for all curves ranging from 0.9855 to unity. 
The empirical relationship between the entering wet-bulb temperature (EWBT) and 
the leaving dry-bulb temperature (LOST) and leaving wet-bulb temperature (LWBT) for 
the ewe can be represented by con'e lations for the enteling dry-bulb temperature 
(EOST) ranges and nominal inlet air states investigated fo r these two systems. Also, the 
ewe chilled water conditions are in the range of 0.36 Us to 0.38 Us and the inlet ewe 
water temperature is 6.0 0c. The con'elations for both systems (i.e. Plant Steel fort- l and 
Plant Steelf0l1-2) may be found in Appendix S. 
The heat transfer con-elations S- l through S-24 shown in Appendix S are then built 
into a TRNSYS non-standard component (Type266). This ewe is finall y assembled 
into the TRNSYS ci rcuit as shown in Fig, 9-1 to predict the air states of the coil entering 
and leaving air. 
9.3.2 The HPHX 
The empirica l relationship between the enteling dry-bulb temperature (EDBTe) and 
the leaving dry-bulb temperature (LDBTe) and leaving wet-bulb temperature (L WBTe) 
for tile HPHX evaporator can be represented by con·elations S-25 through S-32 fo r the 
entering relative humidity (ERH) ranges as shown in Appendix S. These ranges of the 
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EDBT and ERH covered the full ranges of air states in the first series oftest in Sections 
6.3 for the highest value airflow rate at 2.0 mls. 
To compute the leaving air states of the HPHX condenser, the assumptions made in 
Section 6.2 are used in the present chapter. The outlet air states of the HPHX condenser 
can then be calculated using the below expression: 
LDBT, ~ .J DBT, +EDBT,------------------------------------------------------------ [9.1] 
where t1DBTc is the temperature between the EDBT and LDBT of the HPHX evaporator. 
The LWBTc is then calculated using psyclu'ometric calculator (Type33c). Note that there 
is no change in humidity ratio after the CWC, and therefore the wet-bulb temperature can 
be calculated for known dry-bulb temperature and humidity ratio. 
9.4 Simulation Model of tbe Experimental Test Rig 
The custom-built TRNSYS Type282 and Type266 are app lied as HVAC components 
to simulate the air states around the HV AC circuit instalJed with or without empilical 
HPHX. These two custom-built HV AC components were assembled with other standard 
components using TISIBat 3.0 software [70J to simulate the air states at the inlet and 
outlet of the HVAC components. 
For simulation purposes, the following have been assumed: 
For the system insta ll ed with the HPHX, air transport between the cooling co il 
and the HPHX condenser occurs adiabatically (making States 3 and 4 coincident 
with respect to Fig. 5-2) and without leakage. 
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For the system without the HPHX, air transport between the 'climate chamber ' 
and the inlet of the cooling co il occurs adiabatically (making States 1, 2 and 3 
coincident with respect to Fig. 5-2) and without leakage. 
For the system without the HPHX, air transpOit between the outlet of the cooling 
coil and the 'cl imate chamber' occurs adiabatically (making States 4 and 5 
coincident with respect to Fig. 5-2) and without leakage. 
The energy transfer rates in the two sections of the HPHX are equal and opposite 
{implying that (h i - hz) = (hj - h4) since the air mass flow rates are equal}. Also, 
the variation of the air's specific heat is negligible around the HVAC circuit. 
There is no energy exchange between the testing rig and the ambient 
environment. 
The assumptions for this simulation have been described early in Sections 5.2 and 6.2 
and are repeated here for convenient reference. The simulation model shown in Fig. 9- \ 
corresponds to the testing rig shown in Fig. 5-2. In establishing these simulations, the 
inlet air states for the HPI-IX evaporator and the TRNSYS model's ewc chilled water 
flow rate, together with chilled water supply and retum temperatures matched to those 
measured in the experiments described early in Section 8.3. 
9.5 Simulated Results and Discussion 
The following sub-sections describe and discuss the direct compalison between the 
experimentally measured air states aro und the system and those predicted by the 
simulation of the same components with a HPHX (Sub-section 9.5. 1) and without a 
HPHX installed in the HVAC system (9.5.2). 
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9.S.1 The System with a HPHX Installed 
The temperature variation values for both OBT and WBT, for all cases examined, are 
ranging from 0 to 0.7 K as shown in Tables 9-2 tlrrough 9-5. These values implied that 
the comparison is encouragingly good for all cases examined, accepting that some 
uncertainty is present in each experimental reading. These results suggested that the non-
standard TRNSYS HV AC components as well as the standard TRNSYS psychrometric 
calculator are able to simulate air states around the circuit to acceptable accuracy. Note 
that there is no compalison for the HPHX evaporator inlet air (i.e. Station I) because the 
same inlet air values of the expeIimental readings are as the inlet air states for the 
simulation model. Also, within the assumptions of Section 9.4, States 3 and 4 are 
coincident in this set-up. 
Table 9-2 Comparison between experimental and simulation results for system 
with HPHX for nominal conditions at 20 C, 50"% RH & 2.0 mls 
Station DBT (0C) WBT (0C) 
(with respect to Fig. 5-2) Ex p. Simul. Exp. Simul. MlBT ~WBT 
(K) (K) 
1 20.1 20.1 14.0 14.0 - -
2 12.7 13 .0 11.0 11.1 +0.3 +0. 1 
34 8.1 8. 1 8.1 7.8 0 -0.3 
5 15.5 15.2 11.4 11.0 -0.3 -0.4 
208 
Ph.D_ Thesis 
Table 9-3 
Chapter 9 
Comparison between experimental and simulation results for system 
with HPHX for nominal conditions at 20 C, 80% RH & 2.0 m/s 
Station DBT (OC) WBT (0C) 
(with respect to Fig. 5~2) Exp. Simu!. Exp. Simul. MlBT 6.WBT 
Table 9-4 
(K) (K) 
1 20.2 20.2 18.2 18.2 - -
2 16.8 17.0 16.8 17.0 +0.2 +0.2 
3,4 13.6 14.0 13.6 13.8 +0.4 +0.2 
5 17.9 17.2 15.2 15.0 -0.7 -0.2 
Comparison between experimental and simulation results for system 
with HPHX for nominal conditions at 32 C, 50% RH & 2.0 mls 
Station DBT (0C) WBT (°C) 
(with respect to Fig. 5-2) Exp. Simul. Exp. Simul. 6.DBT 6.WBT 
(K) (K) 
1 33 .0 33.0 24.5 24.5 - -
2 24.0 24.1 22.0 22.0 +0.1 0 
34 19.6 20.0 19.6 19.5 +0.4 -0.1 
5 29.1 28.8 22.4 22.2 -0.3 -0.2 
Table 9-5 Comparison between experimental and simulation results for system 
with HPHX for nominal conditions at 32 C, 80% RH & 2.0 m/s 
Station DBT("C) WBT(°C) 
(witb respect to Fig. 5-2) Exp. Simul. Exp. Simul. MlBT 6.WBT 
(K) (K) 
1 31.8 31.8 29.1 29.1 - -
2 28.3 28.5 28.3 28.4 +0.2 +0.1 
3,4 26.9 26.8 26.8 26.4 -0.1 -0.4 
5 30.6 30.2 27.7 27.2 -0.4 -0.5 
9.5.2 Tbe System witbout a HPHX Installed 
In this case, the absence of the HPHX means that, within the assumptions listed in 
Section 9.4, States 1 and 2 are coincident as are States 3, 4 and 5. The comparison 
therefore reduces to being that of the ewe outlet state alone. The temperature variation 
values for both DBT and WBT, for all cases examined, are ranging from 0.1 to 1.3 K as 
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indicated in Tables 9-6 through 9-9. These values implied that the compali son is again 
reasonable. 
In thi s case of no HPH.X, it is the empi rical representation of the cwe coil that is 
being examined alone and, in this respect, it is wOl1h noting again that the S&P coil 
software [85] was being used to represent how the Steelfort chilled water coil would 
change the air states in the present chapter. The fact that the TRNSYS simulation using 
S&P coil software characteristi cs to predict the coil outlet states agreed reasonably well 
(temperature vatiation genera lly less than I K) with the experimental results gives 
confidence that the simulation of the ewc with software characteristics representation 
should work well. Moreover, the ewe simulation which will be used in the next chapter 
is the actual representa tion of the TRANE software characteristics of the existing 
physical TRANE chilled water coil, rather than "geneti c" coil software being used to 
represent a coi l produced by another manufacturer (SteelfOlt). This should mean that 
even more reali stic simulation of the actual ewe pelionnance can be anticipated in 
Chapter 10. 
Table 9-6 Comparison between experimental and sim ulation results for system 
without HPHX. for nominal conditions at 20 C, 50% RH & 2.0 mJs 
Station DBT (0C) WBT (0C) 
(with respect to Fig. 5-2) Exp. Simul. Exp. Simul. aDBT 6WBT 
(K) (K) 
1,2 20.7 20.7 14.2 14.2 - -
3,4,5 13.9 [3.2 10.8 10.7 -0.7 -0.1 
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Table 9-7 
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Comparison between experimental and simulation results for system 
without HPHX for nominal conditions at 20 C, 80% RH & 2.0 mls 
Station DBTCC) WBT (0C) 
(with respect to Fig. 5-2) Exp. Simul. Exp. Simul. LillBT 6WBT 
Table 9-8 
(K) (K) 
1,2 21.3 21.3 18.9 18.9 - -
3,4,5 16.3 17.1 15.8 16.0 +0.8 +0.2 
Comparison between experimental and simulation results for system 
without HPHX for nominal conditions at 32 C, 50%. RH & 2.0 m/s 
Station DBT (0C) WBT (0C) 
(with respect to Fig. 5-2) Exp. Simul . Exp. Simul. 6DBT 6WBT 
(K) (K) 
1 2 32.0 32.0 24.3 24.3 - -
3,4,5 24.5 25.8 2 1.5 20.8 + 1.3 -0.7 
Table 9-9 Comparison between experimental and simulation results for system 
without HPHX for nominal conditions at 32 C, 80%. RH & 2.0 mls 
Station DBT (0C) WBT (0C) 
(with respect to Fig. 5-2) Exp. Simul. Exp. Simul. LillBT 6WBT 
(K) (K) 
12 31.2 3 1.2 27.6 27.6 - -
3,4,5 27.4 28.2 25.7 25.6 +0.8 -0.1 
9.6 Concluding Summary 
In this chapter, the necessari ly limited direct compalison between the expelimenta ll y 
measured air states around the system and those predicted by the empirical representation 
of the same components has been examined. These results suggested that the non-
standard TRNSYS HV AC as well as the standard TRNSYS components are able to 
simulate air state changes around the circuit to reasonable accuracy with both DBT and 
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WBT vatiation generall y less than ± l K for both HVAC systems (i. e. with or without a 
HPHX installed) . 
With the experimental testing ng simulation using TRNSYS completed, the final 
phase of simulation using TRNSYS would be canied out. In this simulation, presented in 
Chapter to, the perronnance charactelistics of a HPHX wi ll be represented by an 
empirical model based on the experimental results that have been descti bed in Chapter 6. 
2 12 
Ph.D. Thesis Chapter 10 
Chapter 10 
THE USE OF A DOUBLE HPHX SYSTEM FOR REDUCING ENERGY 
CONSUMPTION OF TREATING VENTILATION AIR IN AN OPERATING 
THEATRE LOCATED IN A TROPICAL BUILDING - A COMPLETE 
EMPIRICAL MODEL 
10.1 Introduction 
In Chapter 4, the necessari ly limited comparison between possible HV AC system 
types on the year-round impact on energy consumption and dehumidification in an 
operating theatre located in a tropical area was investigated theoretically with an 
approximate HPHX model. In Chapters 6 to 8, three series of experiments were 
conducted under controlled conditions to establish the baseline performance 
characteristics of the HPHX. In Chapter 9, the direct comparison between the 
experimentally measured air states around the system and some aspects of those predicted 
by the simulation of the same components was conducted. Now, the same basic 
simulation model is to be used for the fina l series of TRNSYS simulations with a 
complete empilicai TRNSYS model assembled to estimate the air states as well as the 
entire TMY energy consumption of the same operating theatre. Note that the 
experimentally-establ ished HPHX performance characteristics determined in Chapter 6 
are now applied in the final system simulations in the present research. In other words, 
the model of Chapter 3 is not used at a ll in this chapter. Therefore, any defic iencies 
which might exist in the model of Chapter 3 do not have an effect on the final simulation 
resu lts on the aspect of energy savings of us ing HPHXs in HV AC systems. 
In this study, the impact on the hou r-by-hour energy consumption of a custom-built 
Trane AHU 0704 2-2MB is simulated with empirical representations of two 8-row 
HPHXs installed in the HV AC system and compared to the existi ng HV AC system 
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without the HPHX. This hour-by-hour analysis enables the year-round impact on energy 
consumption and dehumid ification in an operating theatre located in a tropical area to be 
predicted realistically as a possible justificat ion for retrofitting the HPHX into the space' s 
condition ing system. 
10.2 TRNSYS Overview 
The methodology for using the TRNSYS program to simulate the ho ur-by-hour air 
states as well as the enti re TMY energy consumption of OT8 located in Kuala Lumpur 
has been desclibed earlier in Sections 4.2 through 4.4 . The same TRNSYS simulation 
program is applied in the present chapter [or computing hour-by-hour results with the 
excepti on that the model is now built based on empirical perfonnance characteti sti cs of 
not only the HPHX but also the other HV AC components in the system. The modular 
nature of TRNSYS has aHowed empirical representations of all components to be added 
into the TRNSYS programme. For this reason, the perfOlmance characteristic curves fo r 
HV AC components in the Trane 0704 AHU 2-2MB were extracted fTom Trane TM-
V2.06 AHU Selection Software [79] to be used in the present simulation. Again, the 8-
row HPHX performance characteristics described early in Section 9.2 were used to 
represent HPHX performance empilicall y in TRNSYS in the present chapter. Unlike the 
case of simulating the experimental rig, however, the HPHX component is now used to 
simulate hour-by-hour variation of air states at the inlet and outlet of the HPHX 
evaporator and condenser rather than the steady state conditions of the experimental 
simulation. 
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The subroutine's functions fo r the empirical 8-row HPHX (Type 282) was described 
earl y in Section 9.2 and the same functions are applied here. Aga in, the same heat 
transfer correlations between the enteling dry-bulb temperature (EDBT) and the leaving 
dry-bulb temperature (LDBT) and leaving wet-bulb temperature (L WBT) for the HPHX 
evaporator described early in Section 9.3.2 are appl ied. 
The perfomlance characteri stics fo r Trane 0704 chilled water coil (Type284), Trane 
0704 hot water coil (Type28 1) and Trane FC3 15 forward curved fan (Type292) also can 
be found in Appendix T. The detai led empirical source codes of these non-standard 
TRNSYS HVAC components are listed in Appendix U. The details fo r all other standard 
TRNSYS components are ava ilable in references [68, 74]. 
Two different HV AC plant configurations are the subjects of these simulations; they 
have been labell ed as Plants D and E to provide a clear distinction from Plants A, Band 
C in Chapter 4. Plant D is the existing Trane AHU 2-2MB system for the operating 
theatre, whereas Plant E is a double HPHX system of the same configuration as Plant C 
in Chapter 4. Figures 10-1 and 10-2 illustrate the layouts of the two plants and establish 
the state numbeling system applied in each case. 
In each case, the appropriate TRNSYS circui t has been assembled using n SIBAT 3.0 
software, and the arrows in the TRNSYS circuit indicating the ai rflow direction. Figure 
10-3 is the circui t+ for Plant E and the processes and functions represented by these 
components are summarized in Table 10-1. 
Again, the ASHRAE 1% Cooling Design data [43] described earl y in Section 4.3 IS 
used to choose a representati ve week for hour-by-hour air states simulation In thi s 
chapter. In order to show the dehumidification enhancement capability of a HV AC 
.. The double arrows illdicated by the red-dOlled lilies ill Fig. 10-3 cany the meanillg 0/ 
two separate air streams (aile/or the HPHX evaporator alld the other aile/or the 
HPHX condellser) ill TRNSYS. 
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system with or without empirical representations of heat pipe heat exchangers added, the 
representative week (168 hours) is also used for chilled water coil cooling capacity 
simulation and results generated from the representative week as shown in Fig. 10-4 are 
presented in this chapter. 
Comi>riobJe air SIale3 
HWC 
State2 
31 Operatin~ Theatre 
.i i" i . ~ 
..: . 
----------------~ 
Exhaut1 dir(y air 
.... -.------
State4 
State! 
ewc 
Outdoor Air 
Fig. 10-1 Plant D- Main HV AC components to simulate responses of the 
Trane 0704 AHU 2-2MB at the OT8. 
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Plant E - TRNSYS components to simulate responses of a Double 
HPHX system. 
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Hot Water Coil ~ 
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I 
. _. 
.~ .. M M ~ TYPE292 
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~ ISiau,4 1 ~ I Siau,2 1 -- ~ 
I Siau,3 1 
TYPE33f-3 
TYPE33c-3 Siau,8 TYPE33c-4 
TYPE33c-2 
Fig. 10-3 Typical TRNSYS components to simulate responses ofHVAC 
Systems - Plant E. 
+ See footnote at page 215 
Table 10-1 The Processes and Functions in Fig. 10-3 
Code or Label in Fig. 10-3 Description of Component or Function 
Process Represented 
Type89a TMY Data Reader This component reads TRNSYS 
TMY format weather fi les to 
determine outdoor air conditions 
(i.e. Statel OBT, RH and 
humidity ratio) for OT8 (type56) 
and Type282 (HPHX-I). 
Type282 HPHX-I This component takes the 
enteri ng HPHX evaporator DBT, 
humidity ratio and RH (i.e. 
State I) as inputs to calculate the 
leaving HPHX evaporator OBT 
and humidity ratio as outputs. 
Simultaneously, this component 
takes the entering HPI-IX 
condenser OBT and humidity 
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ratio (i.e. State7) as inputs to 
calculate the leaving HPHX 
condenser DBT and humidity 
ratio (i .e. State8) as outputs. 
TVPE33c-3 Psychrometric Calculator This component takes the 
entering DBT and humidity ratio 
from the HPHX-l (evaporator) as 
inputs to calculate the leaving 
humidity ratio, RH and DBT (i.e. 
State2) as outputs. 
Type282-3 HPHX-2 This component takes the 
entering HPHX evaporator DBT, 
humidity ratio and RH (i.e. 
State2) as inputs to calculate the 
leaving H PHX evaporator DBT 
and humidity ratio as outputs. 
Simultaneously, this component 
takes the entering HPHX 
condenser DBT and humidity 
ratio (i .e. State4) as inputs to 
calculate the leaving HPHX 
cl;mdenser DBT and humidity 
ratio (i.e. State5) as outputs. 
TVPE33c-4 Psychrometric Calculator This component takes the 
entering DBT and humidity ratio 
from the HPHX-2 (evaporator) as 
inputs to calculate the leaving 
humidity ratio, RH and DBT (i.e. 
State3) as outPuts. 
Chilled Water Coil Trane 0704 CWC This component takes the 
entering DBT, HR and RH as 
inputs to calculate the leaving 
DBT, WBT, air pressure drop, 
sensible and total cooling 
capacities and chilled water 
volumetric flow rale as outputs. 
TYPE33f-3 Psychrometric Calculator This component takes the 
entering DBT and WBT as inputs 
to calculate the leaving humidity 
ratio and DBT (i.e. State4) as 
outputs. 
Hot Water Coil Trane 0704 HWC This component takes the 
entering DBT and humidity ratio 
as inputs to calculate the leaving 
DBT, humidity ratio, air pressure 
drop and total cooling capacity as 
outouts. 
TVPE33c-5 Psychromeuic Calculator This componenl takes the 
entering DBT and humidity ratio 
from the HWC as inputs to 
calculate the leaving humidity 
ratio, RH and DBT (i.e. State6) as 
outputs. 
Type56 Operating Theatre B (OTB) This component takes outdoor 
conditions (i.e State I DBT and 
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RH), entering DBT and RH (i .e. 
State6) as inputs to calculate the 
leaving DBT, RH and humidity 
ratio (State7) as outputs. 
TYPE33c-2 Psychrometric Calculator This component takes the leaving 
DBT and humidity ratio from the 
HPHX-l (condenser) as inputs to 
calculate the leaving humidity 
ratio, RH and DBT (i.e. State8) as 
outputs. 
Head Loss Total system pressure drop This component takes the CWC, 
(Type289) calcu lator HWC, HPHX-I and HPHX-2 air 
pressure drops as inputs to 
calculate total pressure drop as 
output. 
TYPE292 Trane FC3l5 Fan This component takes tota l 
pressure drop (from Type289) as 
input to calculate fan power 
consumption as output. 
Supply Air & Room Air States Versus Time For Plant E 
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Fig. 10-4 Typical TRNSYS results for simulating responses 
ofHVAC systems - Plant E. Results (168 hours) 
shown in the dotted line. 
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10.3 Model Operating Theatre Construction 
Again, the TRNSYS Type56 is applied as a building component to simulate the air 
states of a tropical HVAC system installed with or without empirica l heat pipe heat 
exchangers (Type 282) to supply air to the operating theatre. 
The assumptions for this simulation have been described early in Section 4.4. The 
same assumptions were used in the present simulation with the exception that the present 
simulation no longer assumes that the HPHX is always dry because it now incorporates 
the real behavioural characteristics detelmined experimentally. Also, the auxiliary pump 
energy consumption fo r pumping the chilled water into the Trane ewe is assumed to be 
negligible in the present research. 
In addi tion, the HPHX design was modeled as a counter~flow and equal mass flow 
rate system. Note that only the perfonnance characteri stics for mass flux rate at 2.3 
kg/m2s (for which the coil face velocity was:::::2 mls) was used in this simulation because 
.i thi s face velocity is the closest to that existing Trane ABU 2~2MB system flow rate (2.2 
mls) in the OT8. 
The same model building, as illustrated in Fig. 4~1, is used agalO III the present 
simulation. Also, all other simulation conditions are the same as desclibed early in 
Section 4.4. 
10.4 Control Strategy of the Chilled Water Coil and Hot Water Coil 
.. The fo llowing sub~section presents the control strategies of the TRANE ewe and 
Hwe used in the HV AC systems. The control scheme for the CWC will be reviewed 
fi rst in subsection 10.4. 1, and the control strategy for the HWC will be given later in 
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subsection 1004.2. Note that these control schemes are built with in the HV AC 
components to achieve the automation of the HV AC systems. 
10.4.1 Control Strategy of the Chilled Water Coil 
Again, the Trane ™ AH.540 air handler contro ller [75, 77, 78] is applied as a 4-stage 
contToller to control the cool capacity by adjusting its chilled water flow rate to maintain 
the off-coil air temperature at or below 19.5 °e and to provide limited control on the 
space RH as described early in Section 4.5.1. 
The same methodology described early in Section 4.5. 1 for using the Trane controller 
to control the chilled water flow rate is used here witb the exception that the actual 
chilled water flow rates as shown in Table J 0-2 below with the actual cwe performance 
characteri stic curves are extracted from the Trane TM-V2.06 AHU Selection Software 
[79] to be the performance characteristics for various stages of the contro ller. Note that 
the same range of chi lled water flow rates used in Chapter 4 (from 0.77 Us (2772 kglhr) 
to 1.60 Us (5760 kglhr)) is available to the controlled chilled water coi l in both Plants D 
and E [79]. 
Again, where appropriate the chilled water flow rates for the two different plants are 
adjusted by the software simulation to give the maximum acceptable space RH at 60% so 
that the energy use wi ll be minimized. An important characteristic of Plant D (in 
contrast to all other plants considered) is that the chilled water coil has to deal with all 
aspects of cooli ng and dehumidification on its own. It, above all the other plants, needs 
access to the maximum chilled water flow rate. Note that the actua l chilled water usage 
by the existing chi lled water coil is not known because the existing chiller plant serves 
several AHUs. 
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Also, the subroutine which represents the Trane conh'oller is built within the ewe 
component source code. This subroutine has been described early in Section 4.5.1 and 
the same subroutine was used for the CutTent investigation. The Fortran source code 
(Type284) describing this intemal controller may be found in Appendix U. The changing 
chilled water flow rate in response to the changing inlet and outlet ewe HR is illustrated 
in Figs. 10-5 and 10-6 for the two different plants. 
Table 10-2 The Stages of the Controller in Response to the Inlet and Outlet HR of 
h CWC C d· h Ch·1I d W t FI R t R t 0 orres on m~tot e , 0 a or ow a 0 anJ;!es 
COil troller Humidity Ratio The chilled water flow rate rallges for hvo different 
Stage (kgH,O/kgdry- plallts 
air) (Lis) 
Plant D Plallt E 
I inlet HR < 0.77 0.77 
0.0098 
2 0.0098<[,,/el 1.05 0.82 
HR< 0.0111 
3 0.01 I I <!nlet 1.32 0.88 
HR< 0.0125 
4 ["iet HR>0.0125 i.60 0.93 
or 
Outlet 
HR>O.OI02 
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Table 10-3 
Controller 
Stage 
1 
2 
3 
4 
Chapter 10 
The Stages of the Controller in Response to the Inlet and Outlet HR of 
the CWC Correspondino to the Space RH 
Humidity Ratio The usual range of space relative humidity 
(kgH20/kgdry- corresponding to the range of the outdoor HR 
air) [~] 
Plant D Plant E 
InietHR < Space Space 
0.0098 RH~0.78 RH~6.14 
0.0098<Inlet 50. 78<Space RH~3.65 46.14<Space RH~0.59 
HR< 0.0111 
0.0111 <Inlet 53. 65 <Space RH~6.53 50. 59<Space RH~5.03 
HR< 0.0125 
Inlet HR>0.0125 Space Space 
or RH>56.53 RH>55.03 
Outlet 
HR>0.0102 
Humidity Control Scheme Used in the Simulation for the CWC • Plant 0 
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Humidity Control Scheme Used in the Simulation for the CWC - Plant E 
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Fig. 10-6 
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The changing chilled water flow rate in response to the 
changing inlet and outlet ewe humidity ratios-Plant E. 
10.4.2 Control Strategy of the Hot Water Coil 
Chapter 10 
In the Trane 0704 HWe, the function of the HWe is to reheat the air before being 
supplied to the air-conditioned space. The reheat process is required due to the same 
reasons as mentioned early in Sub-section 4.5.2. In order to represent the functions of the 
Trane controller to maintain the supply air temperature at a set point of 19.5 °e using 
heat capacity as described early in Section 4.5, the Trane heat capacity control scheme is 
built within the Trane HWe (Type281) to optimize the reheat process. This controller, 
again, functions as a proportional temperature controller as described early in Section 
4.5.2 with the exception that the actual HWe performance characteristics curves are 
extracted from the Trane TM-V2.06 AHU Selection Software [79] to be used in the 
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present chapter. The details for the actual HWC performance characteristics curves will 
be given shortly in Section 10.5.2 
The Trane HWC consists of a temperature control scheme that will adjust the hot 
water flow rate to increase or reduce heating capacity of the HWC in response to the 
HWC's entering dry-bulb temperature so as to maintain the cold side outlet temperature 
(air-side) at 19.5 DC [75, 77, 78, 79] as shown in Figs. 10-7 and 10-8 for the two different 
plants. As one should expect, and evident in these figures, the required HWC capacity 
increases as the air temperature at inlet to the coil decreases, and vice versa. If the inlet 
air temperature is already at or beyond 19.5 DC set-point temperature, then the hot water 
of the HWC will be bypassed entirely. The details of the source code for the hot water 
coil can be found in Appendix U. 
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10.5 Building Heat Transfer Correlations for the Trane CWC and HWC 
The following sub-sections describe the building of heat transfer correlations for the 
chilled water (Sub-section 10_5_1) and hot water coils (10_5_2)_ 
10.5.1 The Trane 0704 Chilled Water Coil 
Tn order to simulate the air states at the inlet and outlet of the CWC, the Trane TM-
V2.06 AHU Selection Software [79] was used to extract the performance characteristics 
of the chilled water coil as described early in Section 10.2. These performance 
characteristics were then written as empirical heat transfer correlations to represent the 
CWC's performance characteristics in TRNSYS. 
The empirical relationship between the entering dry-bulb temperature (EDBT) and the 
leaving dry-bulb (LDBT) and wet-bulb (L WBT) temperatures, sensible (SCAP), total 
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(TCAP) cooling capacities, and the air pressure drop (APO) for the cwe can be 
represented by con·elations T-I through T-3 15 as shown in Appendix T. Note lhat these 
ranges of the EOBT and entering relati ve humidity (ERH) covered the entire ranges of 
the inlet DBT and ERH in the first set;es of test described early in Section 6.3 for the 
highest value airnow rate at 2.0 mls. 
The heat transfer correlations T-l through T-315 are then built into a TRNSYS non-
standard component (Type284) to represent the software characteristics for the ewe. 
This CWC is finally assembled into the TRNSYS ci rcuit as shown in Fig. 10-3 to 
estimate the air states of the coil leaving air, total and sensible cooling capacities as well 
as the air pressure drop. Note that the air pressure drop of the ewe will be added into 
the total system pressure drop by the total system pressure drop calculator (Type289). 
The fan energy consumption (kWh) is then calculated based on the total system pressure 
drop using Type292 (Trane FC315 Fan). The expressions for the calculation of the total 
system pressure drop and fan energy consumption may be found in Appendix T.9. 
In Appendix T the heat transfer con·elations above are represented the performance 
characteristics of the ewe at chilled water flow rates of 0.77 Lis through 1.60 Us. 
10.5.2 The Trane 0704 Hot Water Coil 
The empirical relationship between the entering dry-bu lb temperature (EDBT) and the 
total heating capacity (TCAPHWC), air pressure drop (APD) and flow rate (FLOWRATE) 
for the HPHX evaporator can be represented by con·elations T-316 through T-321 shown 
in Appendix T. Note that the EDBT is ranging from 7.5 to 19.5 °e to cover the full range 
of possible air states at the inl et of the HWe. 
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The heat h'ansfer con'elations T-3 16 through T-321 are then built into a TRNSYS non-
standard component (Type28 1). This HWC is finally assembled into the TRNSYS 
circuit as shown in Fig. 10-3 to predict the air states of the coi l leaving air, total heating 
capaci ty, air pressure drop as well as the flow rate of the hot water. Again, the air 
pressure drop of the HWC is added into the total system pressure drop. 
10.6 Simulated Results and Discussion: Hour-by-Hour Analyses for Representative 
Week 
This section presents the simulated responses of two HV AC systems, wi th or without 
HPHXs installed, for the representative week. The hour-by-hour psychrometric air states 
analysis for Plants D and E will be discussed first in Sub-section 10.6.1. The hour-by-
hour space conditions comparison between Plants 0 and E as well as the hour-by-hour 
sensible, latent and total load analysis for the cwe wi ll be explained later in Sub-
sections 10.6.2 and 10.6.3 respectively. 
10.6.1 Hour-by-Hour Psychrometric Air States Analysis for Plants D and E 
Figures 10-9 to 10-14 show the psychrometric air states and typical processes for 
Plants D and E detelmined in the simulations. Also, the psychromeh'ic air state ranges of 
Plants D and E are abstracted in Table 10-4 for convenient compali son. 
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Table 10-4 Comparison between Plants D and E: Ranges of psychrometric states 
during representative week 
AI,st,t. PI, I D PI, IE PI, t D PI, f E 
Location ID DDT ID DDT lD (~/~) ID RH (OCI 
*= 
- AI, DI 24-3. % 30-66 %- --; ~' - - - - 0 
- -
., 11-21 -
-
., ,,-tOO 
Art" ffi-
9-14 >2 84-100 E4 96-100 
A~:";1i" - - "' t3-f. - - E5 62"82 
Aft" H' ~ 19-20 >3 58-72 E6 A~:' W~-> -23 D4 48-60 E7 4: - "-32 - - E8 2, 
COlli/JUmble air ,~/ates: Dl¢:>El 
D2¢:>E4 
D3¢:>E6 
D4¢:>E7 
(a) Air State Characteristic for Plant D 
Figure 10-9 shows the typical psychrometric processes for Plant D (DBT_DI at 30 °e 
and RH_Dl at 46%). It will be reca lled that the overcooling is used to combat the latent 
component of load and keep the space RH below 60%. Figures 10-10 and 10-11 show 
the psychrometric air slates for Plants D. As shown in Fig. 10-10, fresh air at DBT_Dl 
enters the Trane ewe at a temperature of24-36 °e and is cooled by the Trane ewe to a 
temperature in the range 12-16 0c. This overcooled air is reheated to a supply air set 
point temperature at 19.5 °e (DBT_D3) for discharging into the conditioned space. 
Finally, the room air (DBT_D4) is mainta ined at about 23 °e, as required by the 
presclibed space set-point temperature. 
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The Trane ewe first cools and dehumidifies the air unti l the ewe uses up all its 
cooling capacity. As a result, RH is increased [TOm 30-66% (RH_D1 in Fig. 10-11) to 
84-100% (RH _ D2). It is pertinent to note that the air RH at 84-100% as indicated in Fig, 
10-11 is at a high humidity level. Therefore, a Trane 0704 hot water coil is required to 
reheat the air temperature sensibly (see Fig. 10-9) to about 19.5°e (DBT_D3) and lower 
the duct RH to 58-72% (RH_D3) generally. The room RH (RH_D4) is finally 
maintained at 48-60 %. 
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(b) Air State Characteristic for Plant E 
The typical psychromeh"ic processes for Plant E (DBT_EI at 30°C and RH E I at 
46%) are ill ustrated in Fig. 10-12. The effects on air states of having two 8-row HPHXs 
in the HVAC system are shown in Figures 10-13 and 10-14. The outdoor air (DBT_El) 
of 24-36 °C is cooled down to DBT E2 of l6-27°C (see Fig. 10-13). Also, RH El and 
- -
RH _ E2 shown in Fig. 10-14 increase the RH from 30-66% to 51-90%. This is due to the 
fac t that HPHX-I is perfOlming sensible cool ing utilizing 'free' coolness from the 
exhaust air circulating from the operating theatre (see Fig. 10-12). The HPHX-2 
perfonns further sensible cooling (Fig. 10-12). The temperature is fut1her decreased to 
11 -2 1°e (DBT_E3) with corresponding increase of RH from 51-90% to 78-100% 
(RR_E3). It is clear that the air state is further 'pushed ' to the saturation line with no 
change in humidity ratio (sensible pre-cooling - see Fig. 10-12). 
The air is further overcooled and dehumidified by the Trane ewe to 9- 14 ae, and 
achieves RH (RH_E4 in Fig. 10-14) of nearly 100%. The overcooled air is then ' pre-
reheated' by the HPHX-2 to a temperature of 13-19 °e (DBT_E5), and RH at about 62-
82% (RH_E5). However, the air temperature at 13-19 ac is sti ll not achieving supply air 
set point temperature at 19.5 °C, and therefore the Trane hot water coil is needed for 
generating re-heating over and above that which is obtainable from HPHX-2. 
This hot water coil fUither reheats the air to the set point temperature at 19.5 °C 
(DBT_E6), and reduces the RH to 50-72% (RH_E6) before entering the operating 
theatre. Also, the EA at State 7 (see Fig. 10-2), as shown in Fig. 10-13, enters the 
condenser pal1 of the HPHX-l at a temperature of 23°C generally and this exhaust air is 
reheated to about 28-32 °C (DBT_E8). This means that the potentia lly contaminated 
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cool air in the exhaust section removes the unwanted heat in the pre-cool section. By 
carrying out all these processes, the contaminated air from the operating theatre is not 
circulated back to the HV AC system, but the coolness is recovered from the 
contaminated air by the HPHX-l. Also, the overcooled air from the CWC is 'pre-
reheated' by the HPHX-2. This means that a unique arrangement of HPHXs can be 
applied to effectively provide both 'free' pre-cooling and part of the reheating of the air 
in the HV AC system for the operating theatre. 
Psychrometlic Ch.nt 
Standard Atmos. Pr4?ssure r101.31c.p a 1 
-t' ':'~.:In 0 T" c:I ~ . 1 ~8 
State identifieofS (drag and place as requirt>d): ~~--~L-+------r~r-------~ 20 
00~ 
o 
~-------+------~~-------4----~--~--------~--~~-+--------+--------4 0 
10 15 20 25 30 35 40 
Dr, ~bulb Temper<lltur~ (deg.C] 
Process 1-2: Air pre-cooled by the HPHX-1 
Process 2-3: Air further pre-cooled by the HPRX-2 
Process 3-4: Air overcooled by the CWC (Active 
Cooling) 
Process 4-5: Air pre-reheated by the HPHX-} 
Process 5-6: Air further reheated by 
the RWC (Simple Reheat) 
Process 6-7: Space Condition Line (SCL) 
Fig. 10-12 The typical psychrometric processes ofthe Double HPHX 
system - Plant E. 
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10.6.2 Space Conditions Comparison Between Plants D and E 
The existing Trane 0704 AHU 2-2MB HVAC system (Plant D) maintains room state 
at about 23 °e and RH of 48-60% for 168 hours as can be seen in Figures 10-15 and 10-
16 respectively. Note that Plant 0 is a typical conventional HV Ae system operating in 
hot and humid climates, and therefore the space RH is typically in the 50% to 60% range 
[7]; this is at the upper limit of the 30% to 60% RH range normally required for human 
health [8J. 
Also, the maximum space RH occun·ed at hour 138 at Plant D because at this hour it 
has highest coil leaving HR at 0.0102 kg H20/kg dry-air (Fig. 10-5). The changing 
heating capaci ty in response to the heating coil entering air at hour 138 (see Fig. 10-7) 
suggests that overcooling is req uired at the ewe to dehumidify the outdoor air HR. at 
0.0129 kg H20/kg dry-air to 0.0 102 kg H20/kg dry-air (Fig. 10-5), and therefore 
reheating is needed because of overcooling. 
Again, it must be emphasised that the maximum space RH of 60% occun ed at hour 
138 is not solely due to the maximum outdoor air enthalpy as indicated in Fig 10-7. This 
is attributed to the same reasons as explained early in sub-section 4.6.2 with the exception 
that the heat and mass transfer processes to determine the maximum space RH is main ly 
based on the charactelistics of the cooling coil and 4-Stage controller which governs it 
because there is no pre-cooling device installed in this plant. The fact that the lower 
outdoor I-IR wi ll not necessarily generate the lower space RH, or vice versa, described 
early in Sub-section 4.5.1 shows clearly in Fig. 10-5 where relatively small 
dehumidification has occuned during the active cooling process compared to the higher 
outdoor HR. For example, the outdoor HR at 0.0138 kg waterlkg dry air at hour 87 
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shown in Fig. 10-5 is dehumidified to 0.0097 kg water/kg dry air compared to the 
outdoor HR at 0.0116 kg water/kg dry air for hour 35, in which the coil leaving HR is at 
0.0100 kg water/kg dry air. 
The double HPHX system (Plant E) is able to mainta in the room state at about 23 °C 
and RH of 42-60% (Fig. 10-17) generally for 168 hours. This means that the HY AC 
system maintains a mid to upper range space RH nOlmally recommended by ASHRAE 
[8]. 
The peak space RH in Plant E occurred at hour 87 rather than hour 138 compared to 
Plant 0 due to the same reasons mentioned in Sub-section 4.6.2. Again, the reheating is 
required in this plant due to overcooling as shown in Fig. 10-8. 
The room air DBT is again nearly constant for Plants D and E because the supply air 
DBT, space latent and sensible loads are constant as before. The room air RH IS 
changing over the period of 168 hours in response to varying outdoor air conditions. 
In addition, the room states for both Plants D and E achieve ASHRAE standard for 
health care faci lities [8] as indicated in Table 10-5. 
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Room States Versus Time - Plant E 
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Fig. 10-17 Room RH maintained by Plant E. 
Table 10-5 Room air conditions for Plants D and E compared 
to the ASHRAE requirements 
Plant ASHRAE D 
Requirements 
Dry-Bulb Temperature 20-24 23 
(0C) 
Relative Humidity (RH) 30-60 48-60 
(%) 
'''' 
E 
23 
42-60 
10.6.3 Hour-by-Hour Sensible, Latent and Total Load Analysis for the Trane ewe 
Figures 10-18 and 10-19 show sensible, latent and total-cooling capacities for the 
Trane 0704 ewe for Plants D and E respectively based on the simulation using the 
representative week of 168 hours. The sensible, latent and total cooling capacities 
breakdown for the Trane ewe based on this simulation is shown in Table 10-6. It is 
obvious that in Fig. 10-18, the sensible capacity generally is higher than the latent 
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capacity. This is due to the fact that conventional HV AC (i.e. Plant D) utilises most of its 
cooling capacity in sensible cooling [27]. 
In contrast to Plant D, the latent capacity for Plant E generally is higher than the 
sensible capacity (Fig. 10-19). This is attributed to the fact that the two 8-row HPHXs 
have increased the Trane CWC dehumidification capability through re-distributing its 
latent part of its cooling capacity (because of the pre-cooling effect from the HPHX 
evaporators). 
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Sensible. Latent and Total Cooling Capacities for the Trane Chilled Water Coil·Plant D 
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Sensible, latent and total cooling loads for the Trane 
0704 Chilled Water Coil generated by Plant D. 
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Sensible. Latent and Total Cooling Capacities for Trane Chilled Water Coil-Plant E 
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Chilled Water Coil generated by Plant E. 
Table 10-6 Sensible, Latent and Total Cooling Capacities Breakdown for the 
Trane CWC for 168 Hours 
Plant Sensible Latent Total SHR DF 
Load Load Load 
(kWh) (kWh) (kWh) 
D 4,847 1,955 6,802 0.71 0.29 
E 1,346 1,857 3,203 0.42 0.58 
10.7 Simulated Results and Discussion: Full Year Analysis 
This section describes and discusses full year analysis for Plants D and E. The annual 
load breakdown for the Trane CWC will be reviewed first in Sub-section 10.7.l. The 
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annual energy consumption breakdown for the systems will be explained later in Sub-
section 10.7.2. 
10.7.1 Annual Energy Demand Analysis for the Trane ewe 
The Trane ewe for Plant D (Table 10-7) has a typical SHR va lue at 0.76 for standard 
HV Ae system operating in humid climates [7J for the entire TMY hour simulation. It is 
obvious that the 213,700 kWh of energy expended in meeting the sensible component of 
the coi l load is much higher than 68,400 kWh expended in meeting the latent component. 
In other words, under the condi tions prevaili ng on this coil most of its cooling capacity 
was uti lised in coping with the sensible load, compromising its ability to dehumidify 
[27]. 
The double 8-row HPHX system (Plant E) has decreased the Trane ewe SHR 
significantly from 0.76 to 0.46. In contrast to Plant D, the latent energy usage for Plant E 
(7 1,800 kWh for TMY) is higher than the sensible energy usage (60,800 kWh for TMY). 
As a result, the dehumidification fraction (DF) of the Trane ewe, that is the ratio of the 
latent to total cooling load, is improved from 0.24 to 0.54 by sensible pre-cooling (Table 
10-7). Again, this result suggests that the two HPHXs have increased the Trane ewe 
moisture removal capability through re-distributing its latent palt of the cooling capacity. 
In tum, this load reduction in the ewe contributes considerably to the annual energy 
savlOgs. 
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Table 10-7 Sensible, Latent and Total Cooling Capacities Breakdown for the 
Trane CWC for the Entire TMY Hours 
Plant Sensible Latent Total SHR DF 
Load Load Load 
(kWh) (kWh) (kWh) 
D 213,700 68,400 282,100 0.76 0.24 
E 60,800 71,800 132,600 0.46 0.54 
10.7.2 Annual Energy Consumption Comparison for Plants D and E 
Table 10-7 does not give a true picture of the overall energy consumption, and 
ultimately the operating costs of Plants D and E. Firstly, the Coefficient of Performance 
(COP), the ratio of useful refrigerating effect to net electrical energy input, is not used to 
estimate the chiller energy usage. Secondly, the disadvantages of Plant E are that 
additional heat pipe heat exchangers added to the system wi ll impose a relatively high 
energy penalty on the fan due to the much higher external static pressure drop with 
additional heat pipes compared to Plants D. Thirdly, the building owners will have to 
invest more on capital costs for Plant E compared to Plant 0 (because of the additional 
HPHXs required for Plant E). 
Table 10-8 shows the entire TMY year energy consumptions for Plants 0 and E. The 
total energy consumption for Plant 0 is 189,000 kWh for entire TMY hours. In monetary 
tenns, a total of US$ 5,900 energy bill is needed to operate this plant for the entire TMY 
year, based on the E3 tariff rates of National Energy Board, Malays ia (TNB) [101] and 
COP of 4 [102]. The mid-range COP value of 4 (average of3.2 and 4.7) is chosen based 
on infOimation provided by TRANE MALA YSlA [102]. It is estimated that the COP 
will be in the range of 3.2 to 4.7 based on the fact that the design load for chillers is 
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always designed for the worst-case scenario with a safety factor of 20%. Additional 
details for the COP used in the present research may be found in Appendix V. 
Table 10-8 Energy Consumptions and Cost Breakdown for the Entil'e TMY 
Hours 
Plant Fan Chiller HWC Total Total 
(kWh) (kWb) (kWb) (kWb) (USD) 
D 15500 70,500 103000 189000 5,900 
E 36400 33200 68400 138,000 4,300 
1# Based Oft tile COP (coejficiellt o!pelforll/(lIlce) = 4 fOl" tlte watel· cooled cllillel" {J02] 
• Natiollal Energy Board, Malaysia (TNB) Tal"iffRates (1/5/1997 alld stil/ ill effect) 
For Plant E, the annual total energy consumption at 138,000 kWh (see Table 10-8) is 
much lower than Plant D for the entire TMY hours. Therefore, a much lower total energy 
bill at US$ 4,300 is required to operate this plant for the year. This means that Plant E is 
clearly superior in tenns of minimising operating energy costs than Plant D, and the 
reasons for this will be explained Sh0111y. 
The ewe load (with COP ~4) [or Plant 0 at 70,500 kWh is much higher than Plant E 
at 33,200 kWh (see Table 10-8). Note that an additional energy expenditure of 37,300 
kWh is used for 'active' cooling in Plant D fo r 8760 hours (Table 10-8). 
The HWe annual energy consumption for Plant D at 103,000 kWh is much higher 
than Plant E at 68,400 kWh (see Table 10-8). This is because the reheating effect from 
the HPHX-2 significantly reduces the HWC load for Plant E. In tUI11, this reheating load 
reduction contributes significantly to the annual energy savings. Note that Plant D is a 
typical "brute force" air reheat system [7J where it llses a great dea l of energy to overcool 
the supply ai r for extracting more moisture and then more energy to reheat it to a 
reasonable supply temperature. At th is point, one may ask why the rejected heat from the 
condenser in the refrigerating system has not been recovered fo r reheating the overcooled 
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all'. Although this could be done it must be realised that the COP will be compromised if 
the same plant is required to deliver a suitably high condenser temperature (for the 
reheating requirements) while still meeting the primary cooling need [80,103,1041. 
However, Plant E is having much higher fan energy consumption at 36,400 kWh as 
compared to Plant D at 15,500 kWh as indicated in Table to-8. In addition, the author's 
ful1her research shows that two 8-row bare HPHX coil s (i.e. casing matelials, drain-pan 
and eliminators inclusive) will cost addi tional :::::EUR 7,272.00 [85] for the system in 
compalison to Plant D. This means that the additional cost for HPHX bare coi ls lIsed for 
the present design conditions would pay for themselves in about 4.5 years. 
Also, it should be noted that Plant E :is having much lower annual energy savings at 
51,000 kWh as compared to Plant C at 116,000 kWh. This is because the theoretica l 
model in Chapter 4 was generally optimistic in its representation of the pre-cooling HX 
and CWC performance. Most impOIiantl y, a COP value of unity for the pre-cooling HX 
and CWC was used in Chapter 4. It must be emphasised that if a COP value of unity is 
used for the CWC for both Plant E and Plant C, then the energy use for the CWC at Plant 
C (142,000 kWh - see Table 4-6) agrees reasonably well with Plant E (132,600 kWh -
see Table 10-7). This comparison indicates that the theoretical ewe was able to predict 
air states as well as energy use reasonably well. The similar trend happened to the energy 
use for re-heating the air for Plant C (63,000 kWh) and Plant E (68,400 kWh). 
It is also pertinent to note that the payback period of the additional cost for the HPHX 
is very sensitive to the COP val ue. FaT example, if the average COP va lue is at 3.2 
(assuming that the chiller is smaller and specifically designed for this AHU at OT8 alone) 
then the total annual energy savings are 60,300 kWh (equivalent to USD 1,900) 
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compared to 51,000 kW h (equivalent to USD 1,600 fo r the COP = 4), and therefore the 
payback period would be reduced to 3.9 years. 
10.8 Concluding Summary 
In this chapter, the hour-by-hour effects on heat pipe heat exchangers utilized in 
tropical HV AC systems were investigated empirically for the entire TMY hours. These 
resu lts suggested that the double HPHX system had significantl y enhanced the moisture 
removal capability and energy savings of a HV AC system operating in a hospital 
environment. 
With the final phase of simulation using TRNSYS completed, the main conclusions 
and recommendations from this work wi ll be given in Chapter I I. 
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J 1.1 Introduction 
Chapter 11 
Conclusions and Future Work 
Chapter I I 
The previous chapters have presented the applications of heat pipe heat exchangers in 
conventional AHU operating in a tropical climate as an efficient means for humidity 
control and energy savings to maintain acceptable room conditions in an operating 
theatre. It should be noted again that in operating theatres, the air must be changed at 
least 15 times per hour, and the contaminated FA is not pennitted to re-circulate to the 
mixer; thus the potential for energy recovery from the FA is most favourable. 
The key contributions from this work may be concisely stated as: 
the likely energy savings as a basis for assessing economic viability of the HPHX 
in the special nature of tropical climates are identified in these simulations. 
the HPHX perfonnance characteristics in tropical cl imate conditions have been 
detennined experimentally. 
the effect of the inclination angle on the performance of the HPHX has been 
shown to be negligible under the conditions that were tested. 
the imp0l1ance of a fully integrated des ign process if HPHXs are to be 
incorporated into a HV AC system is identified. 
The more detailed conclusions presented below are grouped in two broad categories: 
HPHX perfonnance charactetistics, and simulation studies. 
247 
" 
" 
Ph.D. Thesis Chapler II 
11.2 Heat Pipe Heat Exchanger Operational Characteristics 
This section describes the main conclusions drawn from uncontrolled outdoor ai r state 
tests and controlled outdoor air state tests. The uncontroll ed outdoor ai r state tesls wi ll be 
reviewed first in Subsection 112.1 , and the controlled outdoor air state tests will be 
addressed later in Subsection 11.2.2 . 
11.2.1 Uncontrolled Outdoor Air State Tests 
(a) Compaling Fig. 3-5a and 3-5d for emin = 1, it is clear that increasing the veloc ity 
C=, 
of the air stream causes the effectiveness to fa ll off. The increase of velocity from 
0.4 to 1.6 mls suggests a four-fold increase in qmv. , and therefore the decrease in 
effectiveness from 0.42 for the theoretica l model at 0.4 mls to 0.28 at 1.6 mis (see 
FihTUres 3-5a and 3-5d). However, the fan penalty inevitably would be increased 
due to the larger pressure drop. 
(b) ft was also evident from Figures 3-5a to 3-5d that the theoretical va lues for the 
overa ll effectiveness were generall y morc optimistic than those obtained from the 
expet;ments. Consequently, a HPHX sized according to the theoretical model, 
will perfOim less in practice, as much as 14% for maximum case, than the model 
would suggest. 
(c) These results confi rm that for COlin < I, the overall effectiveness increases, and at 
Cm~' 
Cmin = Crnall , the overa ll effectiveness is at a minimum. However, the Cmm for 
Cnla., 
heat exchangers used in the HV AC systems for exhaust heat recovery is always 
very close to unity because the hot and cold air streams will have the same mass 
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flow rates and the speci.fic heat of moist air is almost independent of the air 
moisture content. C Therefore, any data for ~ values less than unity is not so 
em"" 
important in the present investigation. 
11.2.2 Controlled Outdoor Air State Tests 
The following conclusions are drawn from the first, second and third series of tests. 
(a) Influence of air conditions at HPHX inlet: 
The experimental results demonstrated that for all cases examined, the 
overall SHR of the HV AC system was reduced from the maximum of 
0.688 to the minimum of 0.188 by the HPHX as inlet DBT to the HPHX 
evaporator increased. These results impl ied that the moisture removal 
capabi lity for the HV AC system with HPHX was increasing as inlet DBT 
for the HPHX evaporator increased. 
For the nominal case of DBT=20 °C and RH at 50% for all configurations 
of mass Oow rates, the SHR-AC was fai rly high, ranging from 0.786 to 
0.856. These results indicated that the moisture removal capabi li ty was 
not enhanced significantly by the HPHX for low DBT and low RH. 
It was observed that for all cases examined, the SHR-AC and SHR-Net 
were reduced from the maximum of 0.856 to the minimum of 0.188 by the 
HPHX as inlet RH for the HPHX evaporator increased. These results 
implied that the moisture removal capabi lity for the HV AC system with 
HPHX was increas ing as inlet RH for the HPH.X evaporator increased. 
(b) Influence ofHPHX incl ination: 
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For al\ conditions tested, there was no significant change, with the 
minimum and maximum changes at 0 and 13.7 % respectively, in either 
total or sensible effectiveness of the HPHX when it was inclined 30° from 
vertical. This possibly implies that inclination had a mi nimal in fluence on 
the ability of the fins to shed any condensate fonn ing on them, but also to 
be considered is the fact that some researchers have repol1ed reduced 
perfOtmance in thelmosyphons that are inclined from vel1ical. However, 
other research contradicts this view, suggesting that thetmosyphons can 
still operate effectively at inclinations of up to 80° from vel1ical. 
The results here appear to confilm the latter viewpoint, although it could 
be postulated that the apparent non-influence of inclination on the 
effectiveness of the HPHX is the net result of two small but competing 
effects: enhancement of condensate removal in an inclined position, and 
reduction ofthennosyphon perfonnance with inclination. 
Whether or not th is postulate is cOITect, the important conclusion to be 
drawn here is that there is little or no sensitivity of the performance of the 
HPHX evaporator to its incl ination. The generally more convenient 
veltical orientation wi ll perform quite satisfactori ly. 
(c) Comparison of chilled water coil performance, with and without HPHX: 
The enthalpy drop across the coi l (i n the range of 11-29 kJ/kg) with a 
HPHX insta lled in the HV AC system for all cases examined are 
significantly higher than the enthalpy drop (ranging from 7- 17 kJ/kg) 
without a HPHX installed. 
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It is evident that the pre-cool ing ratio at lower RH (in the range of 44-
!20%) is greater than the pre-cooling ratio at higher RH (ranging from 30-
63%) for both cases examined (i. e. State- ! DBT at 20 and 32°C). 
It shows that for all cases examined, lower RH (in the range of 0.59 -
2.00) shows greater reheat recovery compared to higher RH (in the range 
of 0.43-0.90). 
It is seen that for all cases examined, the reheat recovery rises with 
increasing air face velocity. This implies that higher air face velocity is 
required for better reheat effect but, again, such benefits must be weighed 
against increased fan power requirements. 
11.3 Experimen tal Test Rig Simulation 
(a) The temperature variation values for both DBT and WBT, for all cases examined, 
ranged from 0 to 0.7 K for the system with a HPHX insta ll ed. 
(b) The temperature valiation values for both DBT and WBT, for all cases examined, 
ranged from 0.1 to 1.3 K for the system without a HPHX installed. The results 
suggested that empitical software representation of the CWC charactelistics is 
able to predict off-coil air states to reasonable accuracy with temperature valiation 
generally less than ± 1.0 K. 
11.4 HV AC System Performance Simulation 
This section desctibes the main conclusions drawn from approximate and full y 
verified model HV AC system performance simulation. The approximate model HV AC 
system perfonnance simulation will be explained first in Subsection 11.4.1 , and the fully 
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veli fi ed model HVAC system perfonnance simulation will be descri bed later in 
Subsection 11.4.2. 
11.4.1 Approximate Model 
(a) It shows that Plant A, with a sensible pre-coo ling coil , was capable of producing 
comfortable and healthy air (23°C and RH of 47-60%). As expected, Plant A 
was consuming more energy than Plant B (single HPHX system) and Plant C 
(double HPHX system) at 41 ,000 kWh and 11 6,000 kW respecti vely as the 
method used a great deal of power to overcool the air and then more power to 
reheat it. lt is definitely not a wise way to apply this approach in the long-term as 
energy prices inevitably will rise in the coming decades. 
(b) Plant B was certainly not a bad choice fo r tropical HV AC system operating in 
hospitals fo r humidity control, as the approach was able to recover a portion of 
'coolness' (approximately 41 ,000 kWh) from the dirty air, and provided 
comfortable and healthy conditions to the conditioned space per ASHRAE 
requirement [8]. However, the author feels that the method is still inherentl y 
costly and inefficient, in tenns of energy savings, since it uses a great deal of 
energy (approximately 98,000 kWh) to reheat the overcooled air. 
(c) Plant C was the most favourable choice as the method was capable of producing 
comfo l1able and healthy air states with great energy savings at 116,000 kWh. 
However, the fan power consumption at 48,000 kWh would inevitably be much 
higher than Plants A (37,000 kWh) and B (40,000 kWh) as two 6-row heat pipe 
heat exchangers would have to be installed in the HV AC system. Nevertheless, 
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the author feel that the approach is still the best choice in view of the code of 
practice (MS 1525:2001) on FE and RE for buildings in Malaysia [5]. 
(d) On the basis of this investigation, it is recommended a doub le HPHX system 
(Plant C) may be used for improving dehumidification and reducing energy 
consumption and peak demand for HV AC systems in hospitals located in tropical 
areas. 
11.4.2 Fully Verified Model 
(a) As expected, Plant D, is consuming 51,000 kWh more energy than Plant E (with 
double HPHX) as the method uses a great dea l of power to overcool the ai r and 
then more power to reheat it. Again, it is definitely not a wise approach in the 
long-term as the energy prices inevitably will increase in the coming decades. 
(b) The cooling capacity of the Oliginal AC (TRANE Chilled Water Coil) IS 
significantly redistributed by the pre-cooling effect from the two 8-row HPHX of 
Plant E, and therefore, dehumidification (moisture removal) capability of the 
CWC is enhanced significantly by the double HPHX system with DF increased 
from 0.24 to 0.54. 
(c) Plant E is defin itely a superior design than Plant D as it produces comf011able and 
healthy air states with great energy savings. However, M&E consulting engineers 
should be aware that the initial capital costs inevitably will be much higher than 
Plants D as two 8-row HPHX will have to be installed in the HY AC system. 
Also, fan power at 36,400 kWh is much higher than Plant 0 (15,500 kWh) due to 
the pressure drops associated with the additional heat transfer coils. Nevertheless, 
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the author feels that the approach is st ill the best choice, as energy savings at 
51,000 kWh per year on the power bill for the HVAC system will offset the 
additional costs of the HPHX and fan penalty. Note that the additional cost fo r 
HPHX bare coils (::::oEUR 7,272.00) used for the present design conditions could 
be paid for itself in about 4.5 years for an annual running hours of 8760. 
(d) The payback period of the additional cost for the HPHX is very sensitive to the 
COP value. For example, if the COP value is at 3.2 (assuming that the chiller is 
smaller and specifically designed for this AHU at OT8 alone) then the payback 
period would be reduced to 3.9 years. 
(e) Based on these results, it is strongly recommended that a double HPHX system 
(Plant E) will significantly improve dehumidification capability and reduce 
energy consumption for conventional HV AC systems in hospita ls located in 
tropical areas. 
The results of this work could be used as an impOLt ant guide for building services 
engineers and researchers who are intending to apply HPHXs as 'coolness' recovery and 
dehumidification devices in HV AC systems operating in tropical countries, particularly, 
HV AC systems operating in hospi tal environments. 
In summary, energy is crucial in suppolt ing the economic growth of a country. The 
Malaysia government 's aim to develop the so~call ed fi fth source of energy (renewable 
and efficiency energy), under the Eight and Ninth Malaysian plans, is achievable if 
proper technical know~how is used. In the coming six years (2004-20 to) , Malaysia will 
be ab le to save energy substantia lly through energy efficiency programs. The use of heat 
pipe heat exchangers for coolness recovery in IN AC systems, palticulariy in hospitals, is 
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one cost-effective means of contributing to this energy-saving goal duri ng that period and 
beyond. 
11 .5 More General Conclusions 
(a) For conditioned spaces where re-circulation is permitted, the potential economics 
advantages will be less (i. e. longer payback period) as the re-circulation fraction 
mcreases. 
(b) For conditioned spaces located in climates of lower humidity in which the latent 
component of load will be lower, the dehumidi fy ing advantages of moving the cooling 
coi l condition line closer to the saturation curve will be less. 
(c) This is a very significant point to be made that relates particularl y to the case of 
retrofitting a HPHX to an existing HV AC system in which the ewe was sized initially 
for the on-coil state that it would experience. By retrofitting the HPHX and the pre-
cooling effect of its evaporator, the ewe now "sees" an on-coil state, which differs from 
that for which it was designed. 
In heat exchanger terms, the ewe will still have its original NTU capacity 
(neglecting the small effect of a variation in ai r state on the overall heat transfer 
coefficient, U, and the specific heat of the air). 
However, the log mean temperature difference (LMTD), 6.T
m
, between the 
chi lled water (the cold fl uid) and the warm air being processed is obviously less with the 
pre-cooling influence of the HPHX in place than it was without it (fo r a fixed air state at 
inlet to the system). The fundamental expression fo r heat transfer in any heat exchanger, 
Q, is 
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Q = UAF !;T,,, -------------------------------------------------------------------( 1 1.1 ) 
where F is the LMTD correction factor - typically more than 0.95 for a cross-fl ow heat 
exchanger under typical conditions, and A is the heat transfer surface area. 
It is immediately clear that the decrease in LMTD across the CWC coil, caused by 
retrofitting the HPHX, must compromise the original cooling capacity of the CWe. 
Despite thi s compromised capac ity, however, the overall cool ing capacity of the system 
has been improved by the add ing of the HPHX. 
Cd) Although thi s study centred on the potential benefits of retrofi tting HPHXs to an 
existing HV AC system, in view of the point just made, an overall more effective 
utili zation of HPHXs would be to design them into a new system at the outset. Then and 
only then would the conventional cooling and dehumidifyin& coil selection be optimized 
for the inlet conditions it would experience as a result of the pre-cooling effect of the 
HPHX. Because of the additional pressure drops in the HPHX coils, fan selection could 
also be optimized fo r the complete installation, inclusive of any HPHXs. 
11.6 Future Work 
The present work is a significant step towards quantifying the possible energy savings 
and dehumidification enhancement in tropical bui lding HV AC systems. However, in 
telms of thermal comfort and ASHRAE Standard 62-89 indoor air qual ity requirements 
[100,105J, the simulation studies could be extended to investigate the energy savings in 
HV AC systems incorporating HPHXs for tropical climate environments maintained at 
room temperatures other than the 24°C used in thi s study. For example, Sekhar [105] 
suggests that the room temperature around 26°C with relative humidity close to 60% 
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would be acceptable in some situations. This would clearly have an adverse effect on the 
payback period whereas, if lower space temperatures and humidities were required in a 
particular indoor environment, the payback period would reduce. 
The fact that the inter-dependency of the chilled water coi l and the HPHX and the 
subsequent iterative process required in selecting and sizing these components suggests 
that the development of software to fully automate and optimise this process would be an 
appropriate future task. 
In addition, the theoretical modeling of the HPHX should be expanded so that an more 
in-depth study of the theoretical HPHX model could be conducted and this model could 
be used to accurately estimate the performance of the HPHX. The theoretical 
performance characteri stics of the standard TRNSYS HV AC components should also be 
examined and improved to give better accuracy to the simulation results. 
Also, the present work concentrates on tropical HV AC systems, and therefore more 
work should be conducted in other climatic conditions such as the Middle East's hot and 
dry climates. The viable option of energy savings using condenser heat for reheat versus 
HPHX should also be explored. Finally, a unified economic analysis approach should be 
developed to explore and investigate the possibility of heat recovery in the HVAC system 
in telms of economic viability. 
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Fortran source code, was developed based on the effectiveness-NTU 
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and uses the concept of iteration to predict the temperature di stribution 
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HPHX effectiveness and relati ve humidi ty were also studied in thi s 
research experimentally. Copyright & copy; 2002 John Wiley and Sons, 
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maintenance of comfortable and healthy conditions within a controlled 
airspace. An 8~row thetmosyphon~based heat pipe heat exchanger 
(HPHX) for tropical building HV AC systems was studied experimentally. 
This research was an investigation into how the sensible heat ratio (SHR) 
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Abstract In an earlier paper [1], the authors had established the baseline 
performance characteristics of the 8-row wickless HPHX for a vertical 
configuration under a range of conditions appropliate for a tropical 
climate. Now, the same basic experimental set-up was to be used in the 
present research with the HPHX tilted 30°. In this configuration, the 
gravitational force would be expected to enhance drainage of any 
condensation fonning on the extended fin surfaces of the evaporator 
section of the HPHX, and therefore, the effectiveness of the HPHX could 
be anticipated to be better than the vertical configuration, pal1icularly 
when processing inlet air with high RH. The investigation has been 
carried out for 32 expeliments with typically high RH and the results are 
presented in this paper. The results suggested that the possib ly adverse 
influence of condensate forming on the fins of the HPHX was negligible, 
and therefore the HPHX in a typically-used vertical configuration could 
perfonn equally as well as it would if the HPHX was installed in an 
inclined position. 
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Abstract: In an earlier paper I1J, the baseline performance characteristics of 
the 8-row wickless HPHX were established for it being used in a vertical 
configuration under trop ical cl imate conditions. In another earlier paper 
[2J, the HV AC system was tested with the wickless 8-row HPHX in an 
incl ined position to exami ne the influence of condensate forming on the 
fins of the heat pipe heat exchangers (HPHXs) and poss ibly causing a drop 
in performance. The present research covers the tests and simulation 
conducted on this same experi mental HV AC system without the HPHX 
installed, thereby detetmining the enthalpy change fo r the air passing 
through the chilled water coi l alone (i.e. without the pre-cooling or 
reheating effect of the HPJ·IX). 
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sib'11ificantly higher than enthalpy change without a HPHX installed, 
demonstrating that the cooling capability of the ewe was enhanced by 
the HPHX. 
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SUBROUTINE TYPE98 
(TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,·) 
c····················································· ................. . 
• 
C Object: Heat Pipe Heat Exchanger 
C IISiBat Model : TYPE98 
C 
C Author: Yat H. Yau 
C Editor: Yat. H. Yau 
C Date : 31/7/2001 last modified: 27/11/2003 
C 
c 
c ••• 
c ••• Model 
C ••• 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C ••• 
C ••• Model 
C ••• 
C 
Inf; +Inf] 
C 
Inf; +lnf] 
C 
C 
C 
C 
C 
C 
C··· 
Parameters 
Inputs 
Number of rows [l;+Inf] 
Tube outer diameter m [O;+InfJ 
Tube inner diameter m [O;+Inf] 
Longitudinal tube spacing m [O;+lnf] 
Transerve tube spacing m [O;+InfJ 
Evaporator air face velocity m/s [O;+Iof] 
Condenser air face velocity m/s (O;+lof] 
Yes dimensionless [0;1] 
Length of the fin for evaporator m [O;+InfJ 
Length of the fin for coodenser m [O;+lofJ 
Thickness of the fin for evaporator m [O;+InfJ 
Thickness of the fin for condenser m [O;+lnEJ 
Number of fins for evaporator dimensionless [O ; +InfJ 
Number of fins for condenser dimensionless (O ; +Inf] 
Number of pipes dimensionless (l;+InfJ 
Length of evaporator m [O;+InfJ 
Length of condenser m [O;+Inf) 
Thermal conductivity for copper W/m.K (0 ;+1nfJ 
RH entering for evaporator dimensionless (-
RH entering for condenser dimensionless (-
Initial evaporator temperature K [O;+lnf] 
Initial condenser temperature K [0;+Inf1 
Entering HR for evaporator dimensionless [-lnf;+lnf] 
Angle of inclination dimensionless (O;+lnf] 
Inlet flowrate for evaporator kg/hr(-Inf;+Inf] 
Inlet flowrate for condenser kg/hr{-Inf;+Inf] 
C··· Model Outputs C··· 
C Total heat exchanger effectiveness dimensionless [-
Inf; +InfJ 
C Heat e xchanger effectiveness for evaporator 
dimensionless [ - InE; +InfJ 
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C 
dimensionless 
C 
Heat exchanger effectiveness for condenser 
[-Inf;+Inf] 
Saturated temperature K [-Inf;+Infl 
C Outlet relative humidity for evaporator dimensionless 
[-Inf;+Inf] 
C Outlet relative humidity for condenser dimensionless 
[-Infi+lnf] 
C 
C 
C 
C 
C 
C 
Inf;+Inf] 
Ce/Cc dimensionless [-Inf;+Infl 
Outlet evaporator temperature K (-Inf;+InfJ 
Outlet condenser temperature K [-Inf;+InfJ 
Outlet wet evaporator temperature K [-Inf;+Inf] 
Outlet wet condenser temperature K [-Inf;+Inf] 
Resistance for condensation layer dimensionless [-
C Heat transfer coefficient for condensation layer w/mA2_K 
[-Infi+lnf] 
C 
C 
C *** 
Outlet flowrate for evaporator kg/hr[-Inf;+Inf] 
Outlet flowrate for condenser kg/hr(-Inf;+Inf] 
C *** Model Derivatives 
C *** 
C (Comments and routine interface generated by I I SiBat 3) 
C*********************************************************************** 
• 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,ND,NO 
PARAMETER (NI=8,NP=18,NO=15,ND=O) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR,TIME 
DIMENSION XIN(NI) ,OUT(NO) ,PAR(NP) ,INFO(15) 
CHARACTER*3 YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 98 VARIABLES 
***************************************************** 
REAL NROW,DTO,DTI,SL,ST,VE,VC,Y 
REAL LFE,LFC,TFE,TFC,NFE,NFC,NPHPHE,AREA,LE,LC 
REAL TE,TC,TS,RHO,KW,KA,MUE,A,B,C,D,E,F,G,H , Hl,I 
REAL HEO,HCO,MFE,MFC,MUFE,MUFC,MUEO,MUCO 
REAL REO,RCO,ESP,REW,RCW,Z,Zl,Gl,G2,PSAT,HUMRATIO 
REAL UE,UC,MEVA,MCVA,CE,CC,NTUE,NTUC,EFE,EFC,W3,W4 
REAL EOJ,R,S,EO,EEN,ECN,Wl,W2,WASATE,WASATC,RH3,RH4 
REAL TCOUT,THOUT,QLAT,QSEN,Rl,R2,MTC,THIN,TCIN,LAMDA 
REAL WS,WR,PS,THPEVAP,Q,DP,PD 
REAL RHOW,RHOV,MUECON,SIGMA , KWCON,DELTA,RA,NU,HMIC,RECON 
REAL BETA,UECON 
REAL QDOTE,QDOTC,FLOWE,FLOWC,FLOWOUTE,FLOWOUTC 
DATA KF,PI,W/181,3.141593,O.0275/ 
DATA AA,BB,WASATC/l,l,O/ 
C--------------- -------------------------------------- -----------------
c IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
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IF (INFO(7).GE.0) GO TO 100 
c FIRST CALL OF SIMULATION, CALL THE TYPECK SUBROUTINE TO 
CHECK THAT THE 
C USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS,PARAMETERS, 
AND DERIVS 
c 
• 
• 
c 
INFO(6)=NO 
INFO(9)=1 
CALL TYPECK(l ,INFO , NI,NP,ND) 
SET THE INPUT ANO OUTPUT ARRAYS 
DATA YCHECK/'OMl', 'OMl ', 'TEl', 'TEl', ' OMl ', 'OMl ', 'MFl', 
'MF l '/ 
DATA OCHECK/'DMl', 'OMl' , 'DMl', ' TEl' , 'OMl', 'OMl ', 'OMl', 
'TEl ', 'TEl', ' TEl' , 'TEl ' , ' OMl ', 'HT2', 'MF l ', ' MF l' / 
CALL RCHECK(INFO,YCHECK,QCHECK) 
RETURN 1 
END OF THE FIRST ITERATION BOOKKEEPING 
C-- --------------------------------------------------------------------
C 
100 
12 
c 
GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
CONTINUE 
NROW=PAR(l) 
OTO=PAR (2) 
OTI=PAR(3) 
SL=PAR (4) 
ST",PAR(s) 
VE=PAR(6) 
VC=PAR(7) 
Y,., PAR(8) 
LFE=PAR(9) 
LFC =PAR( lO) 
TFE",PAR(ll) 
TFC=PAR (12) 
NFE=PAR (13) 
NFC=PAR(14) 
NPHPHE=PAR (15) 
LE",PAR(16) 
LC=PAR(17) 
KW=PAR (18) 
GET THE VALUES OF THE INPUTS TO THIS COMPONENT 
RHl=XIN(l)/lOO 
RH2=XIN(2) /100 
TE=XIN(3)+273.1s 
TC=XIN(4)+273.1s 
WS .. XIN(s) 
BETA=XIN(6) 
FLQWE",XIN(7) 
FLOWC=XIN(8) 
IF(Y . EQ. 1) THEN 
GO TO 12 
ELSE 
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ENDIF 
C----------------------------------------------------------------------
C ADD YOUR COMPONENT EQUATIONS HERE; BASICALLY THE EQUATIONS 
THAT WILL 
C 
INPUTS . 
CALCULATE THE OUTPUTS BASED ON THE PARAMETERS AND THE 
REFER TO 
C CHAPTER 3 OF THE TRNSYS VOLUME 1 MANUAL FOR DETAILED 
INFORMATION ON 
C WRITING TRNSYS COMPONENTS. 
C----------------------------------------- -------------------------- -- -
PI=PSAT(TE) 
P2",PSAT(TC) 
WASATE",WSAT (PI) 
DO 10 NROW=I , NROW 
C-----------------------------------------------------------------------
C 
C CALCULATIONS ON EVAPORATOR PART 
C 
C******************************************* ** ************************** 
* CALCULATIONS TO OBTAIN THE REYNOLDS NUMBER 
A",MUE(TE) 
B=RHO(TE) 
SFE:(l/NFE)-TFE 
Z=2*SL*ST*NFE 
Gl=B*VE 
DHl=4 . 5*SL*(SFE*(ST-DTO))/({Z/NFE)+(PI*DTO*SFE)) 
REE=DHl*Gl/A 
* CALCULATIONS TO OBTAIN THE PRANTDL NUMBER 
C=KA(TE) 
CALL CPCVA(TE , CPAIR,X,X,X) 
PRE=CPAIR*A*1000/C 
* CONDITIONS TO OBTAIN THE DIMENSQNLESS CH 
IF(REE .GE . 20 .AND. REE . LT . 500) THEN 
CH=O.245 
ELSEIF(REE.GE . 500 .AND. REE.LT . IOOOO) THEN 
CH=O . 4 
ELSEIF(REE . GE . IOOOO .AND. REE.LT . 200000) THEN 
CH=O . 043 
ELSEIF(REE . GE.200000) THEN 
CH=O.007 
ENDI F 
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* CALCULATIONS TO OBTAIN THE EXTERNAL HEAT TRANSFER COEFFICIENT 
STE- CH*REE**(-O.4)/PRE**(2/3) 
HEO_STE*B*VE*CPAIR*lOOO 
* CALCULATIONS TO OBTAIN THE FIN EFFICIENCY 
MFE- «2*HEO)/(KF*TFE»**O.5 
H=MFE*LFE 
MUFE_TANH(H)/H 
* CALCULATIONS TO OBTAIN THE THERMAL RESISTANCE 
DcAREA(DTO,LE,NFE,TFE,NPHPHE,LFE) 
MUEO.l-((W*LFE)-(PI*DTO**2*NPHPHE)/4)*2*NFE*LE/D)*(1-MUFE) 
REO_ l/(MUEO*HEO) 
ESP_LOG (DTO/DTI) 
REW=ESP/(2*PI*LE*KW) 
* CALCULATIONS TO OBTAIN THE OVERALL HEAT TRANSFER COEFFICIENT 
UE_ (REO+D*REW)**(-l) 
* CALCULATIONS TO OBTAIN THE NUMBER OF HEAT TRANSFER UNITS (NTU) 
MEVA=B*O.04*VE 
CE_MEVA*CPAIR*lOOO 
NTUE _ (UE*D) ICE 
Appendix B 
C-----------------------------------------------------------------------
C 
C CALCULATIONS ON CONDENSER PART 
C 
C****····**·····*****· ·*****···*****···· *************************.****** 
* CALCULATIONS TO OBTAIN THE REYNOLDS NUMBER 
E- MUE(TC) 
F- RHO (TC) 
SFC- (l/NFC)-TFC 
Zl _2*SL*ST*NFC 
G2 _F*VC 
DH2 =4.5*SL*(SFC*{ST-DT01)/«Zl/NFC)+(PI*OTO*SFC)) 
REC_OH2*G2/E 
* CALCULATIONS TO OBTAIN THE PRANTDL NUMBER 
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G",KA(TE) 
CALL CPCVA(TC,CPAIR1 , X,X,X) 
PRC",CPAIR1*E*lOOO/G 
* CONDITIONS TO OBTAIN THE DIMENSONLESS CH 
IF(REC.GE.20 .AND. REC . LT . 500) THEN 
CH1",O . 245 
ELSEIP(REC.GE.500 .AND. REC . LT.IOOOO) THEN 
CH1",O.4 
ELSEIF(REC.GE.IOOOO . AND. REC.LT.200000) THEN 
CH1",O.043 
ELSEIF(REC . GE . 200000) THEN 
CH1",O . 007 
ENDIF 
* CALCULATIONS TO OBTAIN THE EXTERNAL HEAT TRANSFER COEFFICIENT 
STC:CH1*REC**(-O . 4)/PRC**(2/3) 
HCO:STC*F*VC*CPAIR1*lOOO 
* CALCULATIONS TO OBTAIN THE FIN EFF I CIENCY 
MFC:((2*HCO)/(KF*TFC))**O . 5 
H1:MFC*LFC 
MUFC=TANH{H1)/H1 
* CALCULATIONS TO OBTAIN THE THERMAL RESISTANCE 
I=AREA(DTO,LC,NFC,TFC,NPHPHE,LFC) 
MUCO=1-(({W*LFC)-(PI*DTO**2*NPHPHE)/4)*2*NFC*LC/ I )*(1-MUFC) 
RCO=l/(MUCO*HCO) 
ESP=LOG (DTO/DTI) 
RCW=ESP/(2*PI*LC*KW) 
* CALCULATIONS TO OBTAIN THE OVERALL HEAT TRANSFER COEFFICIENT 
UC= (RCO+I*RCW) ** (-1) 
* CALCULATIONS TO OBTAIN THE NUMBER OF HEAT TRANSFER UNITS (NTU) 
MCVA=F*O.04*VC 
CC:MCVA*CPAIR1*lOOO 
NTUC:(UC*I)/CC 
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* CALCULATIONS BASED ON THE EFFECTIVENESS-NTU EQUATION FOR EVAPORATOR 
I F(CE.GE.CC) THEN 
R=CC/CE 
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ELSE 
R=CE/CC 
ENDIF 
IF(CE.EQ .CC) THEN 
EFE=NTUE/(l+NTUE) 
ELSE 
EFE=(l-EXP((-NTUE)*(l-R)))/(l-R*EXP((-NTUE)*(l-R))) 
ENDIF 
AA=AA*(l-EFE) 
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* CALCULATIONS BASED ON THE EFFECTIVENESS-NTU EQUATION FOR CONDENSER 
IF(CE.EQ.CC) THEN 
EFC=NTUC/(l+NTUC) 
ELSE 
EFC= (l-EXP ((-NTUC) * (l-R)) ) / (l-R*EXP (( -NTUC) * (l -R))) 
ENDIF 
BB=BB*(l-EFC) 
* CALCULATIONS TO OBTAIN THE TOTAL OVERALL EFFECTIVENESS OF 
* THE WHOLE n-ROW HEAT PIPE HEAT EXCHANGER AND 
* THE TEMPERATURE PROFILE IN FLOW DIRECTION 
IF(CE.GE.CC) THEN 
R=CC/CE 
EOJ=l/((l/EFC)+(R/EFE)) 
S=(l-EFC+EOJ*R*(EFC/EFE)) 
TS=(((l-R*(EOJ/EFE))*(l-EFC))*TE)/S+((R*(EOJ/EFE))*TC)/s 
TC=TC/S- ((EFC*(l-R*(EOJ/EFE)) )*TE)/S 
TE=EOJ*R*TC+(l-EOJ*R)*TE 
P3=PSAT(TE) 
P4=PSAT (TC) 
EEN=l-AA 
ECN=l-BB 
EO:1/ ((l/ECN) + (R/EEN)) 
ELSE 
R=CE/CC 
EOJ=l/((l/EFC)+(R/EFE)) 
S=l-EOJ*R 
TS=R*(EOJ/EFC)*(l-EFC)*TE/S+(l-R*(EOJ/EFC))*TC/S 
TC=TC/S-EOJ*R*TE/S 
TE=(l-EFE+EOJ*R* (EFE /EFC))*TE+(EFE-EOJ*R* (EFE/EFC)) *TC 
P3=PSAT (TE) 
P4",PSAT(TC) 
EEN=l-AA 
ECN=l-BB 
EO=l/ ( (l/ECN) + (R/EEN)) 
ENDIF 
* CALCULATIONS TO OBTAIN THE OUTPUT RELATIVE HUMIDITIES 
IF(NROW.EQ.2) THEN 
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EE=0.51 
EC=O.22 
ELSEIF(NROW.EQ.4) THEN 
EE=0.694558 
EC=0.324073 
ELSEIF{NROW . EQ . 6) THEN 
EE=0.35 
EC=0.55 
ELSEIF(NROW.EQ . 8) THEN 
EE=0.869132 
EC=0.525761 
ENDIF 
W3=HUMRATIO(RH1,P1) 
W4=HUMRATIO(RH2,P2) 
W1=HUMOUT(W3,WASATE,EE) 
W2=HUMOUT(W4,WASATC,EC) 
RH3=REL_HUM(W1,P3) 
RH4=REL_HUM(W2,P4) +10 
IF(RH3.GE . 100) THEN 
ENDIF 
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C------------------ ----- ---------------------------------- ------- -------
c 
c 
c 
c 
c 
c 
c 
c 
COMPUTING THE HEAT TRANSFER RATE OF HPHE WITH OR 
WITHOUT CONDENSATION: 
TCOUT: Temperature for exhaust outlet (K) 
THOUT: Temperature for supply outlet (K) 
QLAT: LATENT HEAT TRANSFER (W) 
QSEN: SENSIBLE HEAT TRANSFER (W) 
Q:TOTAL HEAT TRANSFER 
C*********************************************************************** 
C R1= (UE**-l) 
C R2= (UC**-l) 
C CALL CPCVA(X,CPA,X,X,X) 
C MTC=(HEO/(CPA*1000)) 
c THIN=TE 
C TCIN=TC 
C LAMDA=(-2 . 383*TE)+3152.5 
C PS=PSAT(TS) 
C WR=WSAT(PS) 
* CALCULATION TO OBTAIN TOTAL HEAT PIPES WALL TEMPERATURE 
C THPEVAP=((R2*THIN)+(R1*TCIN)+(R1*R2*MTC*D*LAMDA*1000*WS)-
C ((0.62198*MTC*D*LAMDA*1000*PS*R1*R2)/(101325 -PS) ))/(Rl+R2) 
* CALCULATION TO OBTAIN TOTAL HEAT TRANSFER FOR EVAPORATOR HPHX 
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C QSENs(THIN-THPEVAP)/(R1) 
C QLAT_ (WS-WR)*MTC*LAMDA*1000*D 
* CALCULATION TO OBTAIN EVAPORATOR LAT (THOUT) AND CONDENSER LAT 
(TCOUT) 
c PD .. PSAT(TS) 
c DP_DPT(PD) 
c IF(DP.GE.THPEVAP) THEN 
c Q=QSEN+QLAT 
C ELSE 
C Q"'QSEN 
C ENDIF 
C THOUT=(TE)-(QSEN/(MEVA*CPA*1000» 
C TCOUT_ (TC)+(Q/(MCVA*CPA*1000» 
* CALCULATION OF OVERALL HEAT TRANSFER COEFFICENT FOR INCLINED HPHE 
* WITH CONDENSATION 
c 
C & 
C 
C 
RHOW=(0 . 000005*(TE**3»-(0.0005*(TE** 2»+(0 . 1257*TE)-
(11. 714) 
RHOV.(-O.00000005*(TE**5»+(O.00008*(TE**4»-(O.005*(TE**3»+ 
· (1.5137*(TE**2»-(227 . 52*TE)+13732 
C MUECON- (-O.0000005*(TE**3»+(0.0004*(TE**2»-(0.0148*TE)+(1.6473) 
C SIGMA- (0.000002*(TE** 3»-(0 . 0002*(TE**2» + (0 . 0555*TE)-( 4.7246) 
C KWCON", (-0.000002* (TE**3» + (0.0007* (TE**2) + (0. 0131*TE) - (0 . 0724) 
C DELTAT_TS_THPEVAP 
C IF(DELTAT.LE.O)THEN 
C RECON_O 
C UECON_O 
C ELSE 
C RAs« (9.B067* (COS(BETA*0.0175»)*RHOV* (RHOV-RHOW)*LAMDA*lOOO) / 
C · (KWCON*MUECON*OELTAT) )*(SIGMA/(9.B067*(RHOV-RHOW)* 
C · (COS(BETA*0.0175»»**1.5 
C NU=(0.90*(RA)**O.166666)/(1+(1.1*(RA)**-O.166666» 
C HMIC_ (NU*KWCON)/LFE 
C RECON_ (1/(HMIC*O*0 . 5» 
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C UECON", (RECON) **-1 
C ENDIF 
C COMPUTE THE VOLUMETRIC FLOWRATE IN mA 3/s for Evaporator 
QDOTE=FLOWE*O.000277777*(O.0028*TE+O.7734) 
C COMPUTE OUTLET MASS FLOWRATE (kg/hr) for Evaporator 
C GIVING OUTLET TEMP IN C 
FLOWOUTE=QDOTE/O.000277777*(O.0028*THOUT+O.7734) 
C COMPUTE THE VOLUMETRIC FLOWRATE IN mA 3/s for Condenser 
QDOTC=FLOWC*O.000277777*(O.0028*TC+O.7734) 
C COMPUTE OUTLET MASS FLOWRATE (kg/hr) for Evaporator 
C GIVING OUTLET TEMP IN C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
FLOWOUTC:QDOTC/O.000277777*(O.0028*TCOUT+0.7734} 
10 CONTINUE 
SET THE OUTPUTS 
Total heat exchanger effectiveness 
OUT{l)=EO 
Heat exchanger effectiveness for evaporator 
OUT(2) ",EEN 
Heat exchanger effectiveness for condenser 
OUT(3)=ECN 
Saturated temperature 
OUT(4)=TS-273.1S 
Outlet relative humidity (%) for evaporator 
OUT(S)=RH3 
Outlet relative humidity (%) for condenser 
OUT(6)=RH4 
Ce/Cc 
OUT(7)=R 
Outlet evaporator temperature 
OUT(8)=TE-273.1S 
Outlet condenser temperature 
OUT(9)=TC-273.1S 
Outlet wet evaporator temperature 
OUT(10)=THOUT-273.1S 
Outlet wet condenser temperature 
OUT(11)=TCOUT-273.15 
Resistance for condensation layer on heat pipes 
OUT(12) ",RECON 
Heat transfer coefficient for condensation layer 
OUT (13) ",UECON 
Outlet flowrate for evaporator 
OUT(14) ",FLOWOUTE 
Outlet flowrate for evaporator 
OUT(IS)=FLOWOUTC 
Appelldix B 
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RETURN 1 
END 
C****·················· *·· · · ·**·****··**************·********.********** 
c 
C FUNCTIONS THAT HAVE BEEN USED IN THE SIMULATION PROGRAM 
C 
C ------------------------------------ - ---------------------------------
C 
C VISCOS I TY COEFFIC I ENT [N S / M-M] , GIVEN TEMPERATURE IN KELVIN 
C 
C***** *********·*****···***······***···****····*** ** *·.* ••••• *.******.** 
REAL FUNCTION MUE(TO) 
REAL TO 
DATA 00 , 01/1 . 459E-6 , 110 . 7/ 
MUE_( 00·TO· · 1 . 51/{01+TD) 
END 
C ------------------ - ---------------------------------------------------
C 
C THERMAL CONDUCTIVITY [W/(M K) ] , GIVEN TEMPERATURE IN KELVIN 
C 
C**··****·***************** · *** *· *********···*·····*·· •••••••• **.*** * *** 
REAL FUNCTION KA(TDl 
REAL TD 
DATA 00,01/2 . 561E-3,205 . 7/ 
KA_( DO*TO** 1 . 51/(01+TD) 
END 
C ----- -- -------------------------------- -------------------- -----------
C 
C DENSITY OF WATER [KG/M3] ,GI VEN TEMPERATURE IN KELVIN 
C 
C* ***** · · *** ***********·***·***····* **** · **** ···** · ·· · • • • • • • •• • *.******* 
REAL FUNCTION RHO (TO) 
REAL TO 
DATA 00,01/3 . 48E-3 , 101325/ 
RHO_DO *Ol/TD 
END 
C ----------------------------------------------------------------------
C 
C THIS SUBROUTINE TAKES KELVIN AIR TEMPERATURE, TCA, AND COMPUTES : 
C CPA: Specific heat of air at constant pressure [KJ/(kg K)] 
C CVA: Specific heat of air at constant volume [KJ/(kg Kl] 
C GAMMA : The ratio CPA/CVA [dimensionless] 
C SONIC : speed of sound in air (M/S) 
C 
C*******·*** ** ·****· ···***·· *** **· * *···** · · · · ·· ·*···*· •• **** •• ** **** * ** * 
SUBROUTI NE CPCVA(TCA, CPA, CVA, GAMMA , SON I C) 
REAL TCA, CPA , CVA, GAMMA, SONI C 
DATA AO , A1 , A2 / 1 . 03409 , -0 . 284887E-3 , 0 . 7816818E-6/ 
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DATA A3,A4,R/-O.4970786E-9,O.1077024E-12,O.287040/ 
CPA=AO+TCA*(Al+TCA*(A2+TCA*(A3+TCA*A4))) 
CVA=CPA-R 
GAMMA:CPA/CVA 
SONIC=SQRT(GAMMA*R*TCA) 
END 
C ----------------------------------------------------------------------
C 
C AREA OF CONDENSER AND EVAPORATOR [M2] 
C 
C*********************************************************************** 
REAL FUNCTION AREA(DO,L,NF,FTH,N,LF) 
REAL DO,L,NF,FTH,N,LF,AREAF,AREAP 
DATA PI,W/3 . 141593,O.0275/ 
AREAP=(l-NF*FTH)*PI*(DO*L)*N 
AREAF:((W*LF)-(PI*DO**2*N)/4)*2*NF*L 
AREA=AREAP+AREAF 
END 
C------------------------------------------------------------------ -- ---
C 
C HUMID I TY RAT I O FOR EVAPORATOR AND CONDENSER 
C 
C*********************************************************************** 
REAL FUNCTION HUMOUT(WAENT,WASAT,EFF) 
REAL WAENT,WASAT,EFF 
HUMOUT=WAENT+EFF*(WASAT-WAENT) 
END 
C---------------------------------------------------------------- -- -----
C 
C SATURATED PRESSURE [PASCAL], GIVEN TEMPERATURE IN KELVIN 
C 
C******************************** **** *********************************** 
REAL FUNCTION PSAT(TD) 
REAL TO 
DATA Cl,C2,C3/-5674 . 5359,6.3925247,-O . 9677843e-2/ 
DATA C4 , C5,C6/0.62215701e-6 , O.20747825e-8,-O.9484024e-12/ 
DATA C7,C8,C9 , C10/4.1635019,-5800.2206,1.3914993,-O.048640239/ 
DATA Cll,C12,C13/0.41764768e-4,-O . 14452093e-7 ,6.5459673/ 
IF(TD.LT.273) THEN 
PSAT:EXP(Cl/TD+C2+TD* (C3+TD* (C4+TD* (C5+C6*TD)))+C7*LOG (TD)) 
ELSE 
PSAT=EXP(C8/TD+C9+TD*(C10+TD*(Cll+TD*C12) )+C13*LOG(TD)) 
ENDIF 
END 
C-----------------------------------------------------------------------
C 
C DEW POINT TEMPERATURE [KELVIN]. GIVEN SATURATED PRESSURE IN PASCAL 
C 
C*********************************************************************** 
REAL FUNCTION DPT(PDPT) 
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REAL PDPT 
DATA C14,C15,C16/6 . 54,14.526,0.7389/ 
DATA C17,C18/0 . 09486,O.4569/ 
IF(PDPT .LT .6 11 . 2) THEN 
DPT=(6.09+12 . 608*LOG{PDPT)+0.4959*((LOG(PDPT))**2)) 
ELSE 
DPT=C14+C15*LOG (PDPT) +C16* ((LOG(PDPT))**2)+C17 *({ LOG(P DPT))**3) 
+C18*(PDPT)**0 . 1984 
ENDIF 
END 
C-----------------------------------------------------------------------
C 
C CONVERSION OF RELAT IVE HUMIDITY TO HUMIDITY RATIO 
C 
C*********************************************************************** 
REAL FUNCTION HUMRATIO{RH,PSAT) 
REAL RH, PSAT 
DATA P/I01325/ 
HUMRATIO=(O.6219*RH*PSAT)/(P-PSAT) 
END 
C-----------------------------------------------------------------------
C 
C CONVERSION OF HUMIDITY RATIO TO RELATIVE HUMIDITY(%) 
C 
C*********************************************************************** 
REAL FUNCTION REL_HUM(W,PSAT) 
REAL W, PSAT 
DATA P/I01325/ 
REL_HUM=(W*(P-PSAT)/(0 . 6219*PSAT))*lOO 
END 
C-----------------------------------------------------------------------
C 
C SATURATED HUMIDITY RATIO 
C 
C*********************************************************************** 
REAL FUNCTION WSAT(PSAT) 
REAL PSAT 
DATA P/I01325/ 
WSAT=(0.6219*PSAT)/(P-PSAT) 
END 
C------------------- -- -- --------------------- --- -------- -- ------ --------
200 CONTINUE 
END 
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Appendix C-l 
Experimental alld Simulatioll Data Jor 
Effectiveness across the HPHX 
Experiment: 3A (V, == 0.4 mls) 
No of Rows: Six-row 
Time: Random 
Area of Duct: 8 x 8 in. == 0.04129 m2 
Vt • Air Face Velocity 
(m/s) 
0.4 
0.8 
1.2 
1.6 
2.0 
2.4 
Experiment 38 (V, =0.8 mls) 
No of Rows: 6 rows 
Time: Random 
(Tt}j 
30.59 
30.64 
31.75 
30.72 
31.43 
31.4 
Area of Duct: 8 x 8 in. == 0.04129 m2 
Vt • Air Face Velocity 
(m/s) 
(T.), 
0.4 30.77 
0.8 30.76 
1.2 31.64 
1.6 29.39 
2.0 30.57 
2.4 30.03 
Temperature 
lOG) 
(Tt}J+1 (T,), (Tr}J+l 
28.72 26.51 24.95 
29.59 27.04 25.26 
30.81 27.47 24.98 
30.09 27.16 24 .3 8 
30.88 27.7 1 25 .28 
30.89 27.42 24.68 
Temperature 
(0G) 
(T.)J+! (T,), (Tt)J+l 
28.03 26.24 23.50 
25.1 24.39 19. 17 
28.04 26.98 22.74 
26.59 25.77 20.74 
28.55 27.04 22 .84 
28.23 26.71 21.23 
Appendix C 
Effectiveness 
EO(np) Eo(ntorYl 
0.29 0.42 
0.42 0.53 
0.44 0.58 
0.50 0.61 
0.53 0.64 
0.55 0.69 
Effectiveness 
Eo(tlp) Eo(Tb<ory) 
0.38 0.50 
0.24 0.35 
0.31 0.40 
0.36 0.43 
0.40 0.45 
0.46 0.50 
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Experiment: 3C (Ve = 1.2 m/s) 
No of Rows: Six-row 
Time: Random 
Area of Duct: 8 x 8 in. = 0.04129 m2 
Ve, Air Face Velocity 
(mls) 
0.4 
0.8 
1.2 
1.6 
2.0 
2.4 
Experiment 3D (Ve = 1.6 m/s) 
No of Rows: Six-row 
Time: Random 
(Tt)j 
30.80 
30.76 
31.54 
31.09 
31.87 
32.01 
Area of Duct: 8 x 8 in. = 0.04129 m2 
V~, Air Face Velocity 
(mls) 
(T.), 
0.4 30.54 
0.8 31.17 
1.2 31.76 
1.6 30.80 
2.0 30.39 
2.4 30.00 
Temperature 
(OC) 
(Tthi-l (T,), 
25.76 22.03 
25.10 24.39 
25.26 24.5[ 
27.28 25.82 
28.30 26.65 
28.50 26.06 
Temperature 
i°C) 
(T')J+l (T,), 
22.25 [8.64 
23.52 22.29 
24.89 23.32 
25.93 24.05 
25.95 24.09 
26.13 23.87 
Appeodi:l: C 
Effectiveness 
(TC}j+l Eo{nll) Eo(Th.ory) 
19.25 0.48 0.50 
19.17 0.37 0.39 
[9.3 t 0.25 0.31 
20.41 0.27 0.33 
22.93 0.30 0.36 
20.11 0.34 0.40 
Effectiveness 
(TC)ji-l Eo(t"p) Eo{Tbw ry) 
16.47 0.51 0.48 
18.67 0.41 0.41 
[8.83 0.29 0.34 
18.65 0.22 0.28 
18.23 0.25 0.29 
18.17 0.28 0.34 
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Appendix C-2 
Raw data for calculating the Heat Transfer Coefficient (HTC) 
Inlet oBT = 78.96 of (26.08 °C) for evaporator 
Row = Six-row 
Inlet oBT = 14.3 °C for Condenser 
Inlet WBT = 14.2 °C for Condenser 
0= 15 degree 
Ve=Vc=1.S mfs 
TRNSYS IIlC/illed Tvpe98 HPHX Coil 
In let 
RH Resistance i';,i (m"2.K/W) 
30 0.00231 
35 0.00226 
40 0.00220 
45 0.00212 
50 0.00204 
55 0.00193 
60 0.00178 
65 0.00154 
70 0.00145 
30 0.00231 
35 0.00226 
40 0.00220 
Inlet DB = 78.96 of (26.08 °C) for evaporator 
Inlet RH = 65% 
Row = Six-row 
Inlet DB = 14.3 °C for Condenser 
Inlet WB = 14.2 °C for Condenser 
Ve=Vc=1.S mfs 
TRNSYS Inclined Type98 HPHX Coil 
Inclination Anqle Resistance (m"2.KIW) 
10 0.00155 
20 0.00154 
30 0.00153 
40 0.00151 
50 0.00149 
60 0.00146 
70 0.00141 
80 0.00133 
Heat Transfer 
Coefficient 
(W/m"2.K) 
432.0 
443.0 
455.0 
471.0 
491 .0 
518.0 
561.0 
647.0 
691.1 
432.0 
443.0 
455.0 
Heat Tr~nSfer C~~ffiCient 
W/m"2.K 
646.0 
649.0 
654.0 
661 .0 
671.0 
686.0 
710.0 
754.0 
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Appendix C-3 
Specificatiolls of a six-row heat pipe heal exchanger 
Design Considerations 
Evaporator ald condenser fa:e dimension (IJlCri5) 
Tubematerial 
Outer tube diameter(mm) 
Inner tube diameter (rom) 
Transverse tube spacing (rrm) 
Longitudinal tube spacing (nun) 
Fin material 
Fin type 
Fin thickness (rrrn) 
Fin density (fins per meter) 
Worlting fluid 
Filling ratio 
Specifications 
200 x 200 
Copper(pure) 
9.55 
7.55 
25.4 
22.0 
Aluminium 2024 
Wavy plate 
0.33 
315 
R- 134a 
60% 
Appendix C 
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Appendix D 
Experimental set-up for testing the HPHX in Chapter 3 
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D.l TEST RIG 
In order to perform the study of thermal performance of the HPHX as described in 
Chapter 3, a special installation for the test rig was setup and constructed according to the 
ASHRAE 41.2 standard [67]. The test rig is comprised of two air ducts; one is [or the hot 
air and the other for the cold air. The ducts were connected via the HPHX where the 
upper duct is for the cold air (condenser) and the lower duct is for the hot air 
(evaporator). The schematic diagram of the test rig can be viewed in Fig. D- l. The cold 
air duct was connected to a provisional cold air channel to direct the cold air from an in-
house air-conditioner to the bell mouth of the upper duct. 
¢:::J 
To 
variable 
exhaust 
fan 
system 
Legend: 
Cold air 
inlet c::::::> 
\MUltiPt, 
nozzles 
~ Flow straightener 
lIIill Settling means 
Heat pipe heat 
exchanger 
~ 
~+-_-1E 
Multiple 
nozzles 
C 
E 
Condenser section of the HPHX 
Evaporator section of the HPHX 
To variable 
exhaust fan 
system 
c::::::> 
¢:::J 
Hot air 
inlet 
Fig. D-l: Schematic diagram of the upper and lower ducts of the test rig 
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The test rig is comprised of the forced-draft wind tunnel, which consists of the 
airflow measuring station via multiple nozzles designed according to the same standard. 
The experiments were run at a variety of airflow rates, by changing the airflow velocity 
in the range of 0.4 to 2.4 mls. A temperature monitOling system was also incorporated 
into the installation to measure the related temperatures at desired posi tions. Apart from 
this, the test lig also consists of a few other components, to be discussed later in the 
succeeding subsections. 
D.2 Test Chamber 
As mentioned earl ier, the test chamber for the upper and lower duel was 
constructed according to ASHRAE 41.2 standard [67] . The main function of the test 
chambers is to provide measUling stations at which the HPHX is to be tested. The test 
chambers are of particular application with products that add or remove heat and/or 
moisture to the air stream passing through the test unit. It is also of particular utilisation 
for testing the same HPHX over a wide range of airflow rates. 
The test chambers consist essentially of a receiving chamber, a discharge 
chamber, and in between, a nozzle chamber in which a multiple nozzles plate was 
located. The test chamber used is of a rectangular cross-section with suffic ien t area to 
reduce the air velocity head to a negligible value. 
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D.3 FLOW SETTLING MEANS 
TIle flow settling means main functions are to provide uniform temperature, static 
pressure disnibution, and proper flow pattellls through the measurement sections. Settling 
means can be located at two different positions as to serve different purposes. 
When located upstream of the measuring plane, the settl ing means is provided so 
as to assure a substantiall y unifonTI flow ahead of the measUling plane. \¥hen located 
downstream of the measUli ng plane, the seWing means is intended to absorb the kinetic 
energy of the upstream jet and pemlit its nOimal expansion as if in an unconfined space. 
This requires some back flow to supply the air to mix at the jet boundaries, but the 
maximum reverse velocity should not exceed 10% of the calculated mean velocity, as 
prescribed by the ASHRAE 41.2 standard [67]. 
The settling means installed in this test chamber just mentioned were the square-
mesh round wire type, with an open area of 50-60%, as suggested by the standard. 
D.4 MULTIPLE NOZZLES 
The nozzles situated in the test chambers are a device to enable the calculation of 
the flow rate from the pressure di fferential measured across the bank of nozzles plate for 
any operating point within the range of operation of any combination of the nozzles in a 
bank. This is, however, provided that the average velocity at the nozzle discharge 
corresponding to the lowest flow rate is at least 3000 fpm (15 m/s) as suggested by 
ASHRAE 4 1.2 standard [67]. Therefore, it can be summarised that the primary function 
of the nozzles is to magnify the pressure drop across the test chamber. 
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According to ASHRAE 41.2 standard [67], the discharge coefficients for nozzles 
were established for throat dimensions of L = 0.5D and L = 0.6D. Note that L is the 
throat length and D is the nozzle throat diameter. In the present research , condition of L 
= O.5D was used the experiments. The sizes of the nozzles on the multiple nozzle plate 
consisted of five distinct sizes, which differ in the throat diameter and its pertaining 
throat length. These include the nozzles of diameter 12.7 mm, 17.5 mm, 25.4 mm, 38. 1 
mm and 50.8 mm respectively. The desired airflow rate can then be achieved by 
matching different combinations of the nozzles selected. 
D.5 FLOW STRAIGHTENER 
The function of a flow straightener is to effectively produce a virtually uniform 
velocity of flow across the airstream. It is also used to eliminate eddies and the rotation 
of the airstream produced by the change in direction due to the test product configuration 
and/or the fan. In this experiment, the flow straightener used is the wire-mesh type, 
constructed from 24 straightener elements, each having a thickness of 1.2 mm. It was 
located in the receiving chamber, just after the bell mouth inlet to perfonn its function of 
straightening the airflow. 
D.6 FLEXIBLE AND ADIABATIC TUBE 
The physical appearance of the flex ible tube and connector is illustrated in Fig. D-
2. 
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Fig. D-2 View of the flexible tube and connector before insulation 
It was found that the temperature of the cold air entering the tube was in the range 
of 10°C to 18°C. Unfortunately, there was still intervening heat transfer between the tube 
with ambient air, resulting in the slightly increase of the cold air dry-bulb temperature to 
about 12°C to 20°C before reaching the adapter of the upper duct. Anyway, the outdoor 
air dry-bulb temperature (i.e. hot air stream) is at about 27°C-32°C, and therefore the 
requirement of a minimum temperature di fference of SoC to start up a heat pipe as 
mentioned in reference [22] could be met. 
D.S VARIABLE AIRFLOW RATE 
The flow rate of the airstream is determined by measuring the difference in static 
pressure between the piezometer rings at the nozzles inlet and nozzles outlet planes of the 
chamber. Wet and dry-bulb temperatures and also static pressures were measured at the 
nozzles inlet. 
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The varying of the airflow rates was accomplished by using a variable exhaust 
fan, controlled by a motor inverter. Before choosing an appropriate type and size of fan 
required for these experiments, the pressure losses of the upper and lower ducts would 
have to be estimated and details are described in the next section. 
D.9 VARIABLE FAN SYSTEM AND MOTOR SPEED CONTROL 
From the selection of the variable fan system as presented in the preceding 
subsection, a high-pressure centrifugal variable exhaust fan system was used in these 
experiments. Two units of the same fan system were used, one each for the upper and 
lower ducts respectively. The fan system was equipped with a variable speed motor, with 
rated nominal power at 1.1 kW, in order to drive the airflow rate as required. A 
photograph of the fan system motor is shown in Fig. D-3. The drive force of the motor 
was transferred to the fan by means of two V-belts, each with a pulley ratio of 1: 1. 
Fig. D-3: Variable exhaust fan system 
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The speed variation of the exhaust fan system was achieved by changing the 
electric supply frequencies , in order to modulate the airflow rate as needed by the 
experiments. Consequently, the X-307 model Xtravert a.c. motor inverter, shown in Fig. 
D-4, was used for the purpose of controlling the motor speed of the fan. The motor 
inverter, having a capacity of 1.5 kW, uses an ordinary 13 Amp (240 V) single-phase 
power source but supplies a three-phase (415 V) power to the motor of the fan system. 
The inverter speed control was in the form of frequencies , ranging from 0 to 120 Hz. 
However, due to safety reasons and to kecp the motor functioning well for a longer life 
span, the maximum inverter speed was set to be only 60 Hz. 
Fig. D-4: The Xtravert motor inverter 
D.IO TEMPERATURE MONITORING SYSTEM 
The temperature monitoring system was used to detem1ine and measure the 
temperature distribution across several points in the test rigs. Three distinct planes were 
selected along the test rigs to be recorded its temperature readings. These planes refers to 
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the test unit inlet (plane zero) and test unit out1et (plane two) for both the evaporator and 
condenser sections, and also the multiple nozzles plate inlet (plane fi ve), fo r both the 
upper and lower ducts, as shown in Fig. 0 -5. However, for easier understanding, the 
temperatures measured were given abbreviations and symbols, which were much easier 
to be recognised, as presented in Table 0-1. 
Table D-l : Temperature Abbreviations and Locations 
For Experimental SCI-Up in Chapler:3 
Symbol Tempemture Monitoring Location 
Evaporator inlet 
Evaporator outlet 
Condenser inlet 
Condenser outlet 
Mu ltiple nozzles inlet for lower duct 
Multiple nozzles inlet for upper duct 
Each of the temperature monitoring planes consisted of a K-type theml0couple, 
with an individual thermocouple attached, in these copper tubes. The thennocouple wires 
were pulled through the copper tubes and its open ends were left to be exposed to the 
airstream through a small hole punctured on the tubes. These thenTIocouple wires, which 
each has two smaller sub-wires were then curled together to fo rm single-ended 
thermocouples. 
The function of the copper tubes was to fix the thermocouples at proper positions 
and to protect the thermocouple wires from bending, due to the drag force developed by 
the airflow. The copper tubes were then affixed to the test ducts via threaded fittings, 
which were mounted pennanently on the top outer surface of the ducts. Therefore, 
maintenance and any rep lacement of the thermocouples could be accomplished easi ly. 
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6 
Legend: 
1 - Condenser inlet plane 
2 = Condenser outlet plane 
2 3 
I I II 
I 
5 
4 = Evaporator inlet plane 
5 = Evaporator outlet plane 
AppendiJl: D 
3 = Upper duct multiple nozzles inlet plane 6 = Lower duct multiple nozzles inlet plane 
Fig. D-5: Planes where temperature measurements are employed 
The temperature moni toring system employed in this particular experiment 
utilises the modern technology of a data logger, which is connected to the computer 
system, fo r easy access and manipulation of data. The data logger engaged, supplied by 
IoTech serves as an interface between the thermocouples and the computer system. The 
software called DasyLab Data Acquis ition System was used and the data logger was 
referred to as a Personal Daq. The Personal Daq consists of 80 different channels that can 
be used for connection with digital or analogue inputs. In the case of the thermocouples, 
they were refelTed to as ana logue inputs, where a total of 60 channels were avai lable for 
these inputs. 
In the DasyLab Data Acquisition System software, circuits were drawn and 
compiled to provide the measurements and monitoring system for the temperature 
distribution across the test ducts. These temperature readings were presented in the [olm 
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of thermometer resembl ing bar graphs with its respective va lues printed at each bottom of 
the bar graphs. The precision of the temperature monitoring system using this software 
with the data logger was up to 0.01 0c. Note that all thermocouple probes were pre-
calibrated by the contractor, Kinetik Edar Pte. Ltd., according to ANSIIASHRAE 
Standard 41. 1-1986 (RA91) [106]. 
0.11 AIR PRESSURE MEASUREMENT 
There are two main objectives of the air pressure measurement. The first one is to 
determine the airflow rate across the HPHX. The other purpose is to study effects of the 
pressure drop across the test unit with different airflow velocity on the thennal 
performance of the HPHX. Therefore, it was required to measure the static pressures at 
four distinct points of the test ducts, namely the test unit inlet, test unit outlet, nozzles 
inlet and nozzles outlet. For simplification, the static pressure measured was modified 
and is summarised as in Table D-2. 
Symbol 
6.PeS 
.6.Pc5 
P" 
P" 
P" 
Po, 
6.P~i 
.6.Pci 
Table D-2: Summary of Static Pressure Measurements 
Pressure Measurement Location 
Pressure drop across the multiple nozzles for lower duct 
Pressure drop across the multi ple nozzles for upper duct 
Static pressure at multiple nozzles inlet for lower duct 
Slatic pressure at multiple nozzles inlet for upper duct 
Static pressure at test unit outlet for lower duct 
Static pressure at test unit outlet ror upper duct 
Pressure drop across the test unit for evapQrator section 
Pressure drop across the test unit for condenser section 
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In order to perform the tasks mentioned above, a 'Casella London' manometer, as 
shown in Fig. D-6 was used to measure the static pressures at the desired points. The 
manometer utilises water as its measuring fluid, wherc water is filled into the liquid 
column. With the Vernier scale of the manometer, it was possible to attain an accuracy of 
up to ±O.S Pa or ±O.002 inch of water gauge. The manometer comes with a needle and 
magnifying lens to ensure the accuracy of the pressure measurements. In order to 
measure the static pressures, the manometcr was connected with one channel exposed to 
the atmospheric pressure and the other channel connected to the static pressure tap 
Fig. D-6: A 'Casella London' manometer 
mounted on the test ducts. Meanwhile, the measurement of the pressure drops is 
accomplished by connecting both the channels each, to the upstream and downstream 
static pressure taps, respectively. 
The objective of using the manometer is to actually level it so that the water level 
touches the tip of the needle. This can be accomplished by the usage of the magnifying 
lens, where the tip ofthe needle touches the image tip of the needle. Since the manometer 
measures the pressure by the difference of the liquid surface of the two columns, it must 
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therefore be hori zonta lly levelled. The reference level should also be conected and 
checked from lime to time due to the change of annospheric pressure. 
The airflow rate to be calculated from the data acquired is perfonned according to 
the AHSRAE 41.2 standard [67]. 
0.12 TEST UNIT 
The working fluid selected for the heat pipes was the R-1 34a, which is a hydro-
fluoro-carbon organic compound, or better known as HFC compound. It was chosen due 
to its environmental advantages compared to the ozone depleting substances such as R- Il 
and R-12. According to McQuiston and Parker [104], the thennodynamics propelties of 
the R-134a is in the safety group of A I, which means that this refrigerant has low toxicity 
and no flame propagation. The nonnal boiling point for the R-134a working fluid is to be 
-26°C. Therefore, it was selected because of its compatibility with the operating 
temperature range, i.e. 15°C to 35°C, which the working fluid will be in gaseous form, 
for most of the time. 
The fill ratio or charge level employed for the heat pipes in these experiments is at 
60% of the evaporator volume, for each row of the heat pipes. This is equivalent to 110 g 
of the refrigerant R-1 34a, which is charged into the row of heat pipes at a pressure of 
about 8 bar. Although the charge level may somehow influence the thermal pel'fOlmance 
of the heat pipe heat exchangers, this parameter was not varied for consideration and 
study of this project. Note that the steps in prepaling and charging the test unit is very 
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similar to the ' Steelfort' HPHX described early in Section 5.3. An overview of the 
general specifications of the HPHX is tabulated in Table D-3. 
Table D-3: General specifications of the HPHX 
Design Considerations 
Evaporator and condenser face dimension (mm2) 
Tube material 
Outer tube diameter (mm) 
Inner tube diameter (mm) 
Transverse tubc spacing (mm) 
Longitudinal tube spacing (mm) 
Fin material 
Fin type 
Fin thickness (nm1) 
Fin density (fins per meter) 
Working fluid 
Filling ratio 
Specifications 
200 x 200 
Copper (pure) 
9.55 
7.55 
25.4 
22.0 
Aluminium 2024 
Wavy plate 
0.33 
315 
R-134a 
60% 
After the process of charging and preparing the test unit, it can be utilised in the 
experiments for the study of the thermal performance of the HPHX. These HPHXs are 
then installed into the test rig, as shown in the photograph in Fig. D-7. 
Fig. D-7: The HPHX installed on the test rig before insulation 
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Appendix E 
E-/ Source codes for the external controller (Type263), re-heating coil 
(Type/2/) and pre-cooling HX (Type/92) 
E-2 Maximum and minimum chilled water flow rates for the Trane ™ 
AH.S40 air handler controller 
1M Trade Mark 304 
• 
Ph.D. Thesis Appendix E 
E-1 Source codes tor tile extema[ cOlltmller (Tvoe263), ,.e-lleating coil (Tvpel21) 
and pre-coo[blg HX (Tvpe192) 
SUBROUTINE TYPE263 (TIME,XIN,OUT,T,DTDT,PAR,INFO,IQNTRL,*) 
c**********··******··*******···************·***·****·*.* •••• *.********** 
C Object:The empirical humidity controller for Type52 
C IISiBat Model : TYPE263 
C Author: Yat H. Yau 
C Editor: Yat.H. Yau 
COate: 26/8/2004 last modified: 26/8/2004 
C·***··*·***· ···*************··************·········*· ••••••••••••• *.*.* 
C THIS ROUT INE SIMULATES THE THEORETICAL CHILLED WATER FLOWRATE IN 
C RESPONDING THE CHANGING INLET AND OUTLET CWC HUMIDITY RATIO AND COIL 
C LEAVING AIR TEMPERATURE THIS CONTROLLER WILL USE A FRACTION OF THE 
C CHILLED WATER FLOW OR FULL FLOW TO KEEP THE HUMIDITY RATIO BELOW 
C 0.0102 kg of water/kg of dry air . THE CONTROLLER WILL USE THE FULL 
C FLOWRATE IF THE OUTLET HR IS BEYOND 0.0102 kg of water/kg of dry air 
C OR THE LDBT IS BEYOND 19.5 C. THE COMPONENT MUST BE RUN WITH A FAN AT 
C 1.53M A 3/S (3250 CFM). 
C (Comments and routine interface generated by IISiBat 3) 
C***···········*··········**····················*····· •••••••••••••••••• 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,ND,NQ 
PARAMETER (NI=3,NP=0,NO-1,ND- 0) 
INTEGER.4 INFO,ICNTRL 
REAL T,DTDT,PAR,TIME 
DIMENSION XIN(NI) ,OUT (NO) ,PAR(NP) ,INFO(1S) 
CHARACTER·3 YCHECK(NI),OCHECK(NO) 
·DECLARE TYPE 263 VARIABLES 
••••••••••••••••••• *.* •• *.*.* •• * ••••••••••••••••••••• 
REAL EHR,LHR,LDBT ,LFLOW 
C----- --- ------------------------------------------- -------------------
c 
C 
CHECK THAT 
C 
AND DERIVS 
c 
IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF (INFO(?) .GE.O) GO TO 100 
FIRST CALL OF SIMULATION, CALL THE TYPECK SUBROUTINE TO 
THE 
USER HAS PROVIDED THE CORREct NUMBER OF INPUTS, PARAMETERS, 
INFO(6)=NO 
INFO(9)=1 
CALL TYPECK(l,INFO,NI,NP,ND) 
SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'DM1', 'DM1', 'TE1'/ 
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DATA OCHECK/'MF1'/ 
CALL RCHECK(INFO,YCHECK,OCHECK) 
RETURN 1 
c END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C----------------------------------------------------------------------
C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
100 CONTINUE 
1 EHR=XIN (1) 
LHR:XIN(2) 
LDBT",XIN (3) 
C Compute Leaving Chilled Water Flowrate in kg/hr 
IF(LHR.GT.0.OI02.0R.LDBT.GT.19.5) THEN 
LFLOW",3048 
GO TO 92 
ENDIF 
IF(EHR.LE.0.0098) THEN 
LFLow=2772 
ELSEIF(EHR.GT.0.0098 . AND. EHR.LE.O.Olll) THEN 
LFLOW",2864 
ELSEIF(EHR.GT.0.Ol11 . AND. EHR.LE.O.0125) THEN 
LFLOW=2956 
ELSEIF(EHR.GT.O.0125) THEN 
LFLOW=3048 
ENDIF 
C SET THE OUTPUTS 
92 OUT (1) =LFLOW 
RETURN 1 
END 
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SUBROUTINE TYPE121(TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,*} 
C*********************************************************************** 
C THIS ROUTINE SIMULATES A SENSIBLE HEAT EXCHANGER, GIVING OUTLET 
C TEMPERATURES AND FLOWRATES OF HOT AND COLD STREAMS. THIS HX WILL 
C BYPASS PART OF THE HOT SIDE FLOW TO KEEP A MAXIMUM OUTLET TEMPERATURE 
C ON THE COLD SIDE. 
C*********************************************************************** 
DOUBLE PRECISION XIN,OUT 
INTEGER* 4 INFO 
DIMENSION XIN(6} , PAR(3} ,OUT(6} ,INFO(15} 
CHARACTER*3 YCHECK(6} ,OCHECK(6} 
C FIRST CALL OF SIMULATION 
IF (INFO(?) .GE.O) GO TO 1 
INFO(6)=6 
INFO(9)=1 
CALL TYPECK(1,INFO,6,3,O) 
C SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'TEl', 'MFl','TEl', 'MF l ', ' TEl' , 'DMl'/ 
DATA OCHECK/'TEl', 'MFl', 'TEl', 'MFl', 'DMl', ' PWl'/ 
CALL RCHECK(INFO,YCHECK,OCHECK) 
RETURN 1 
C SET THE PARAMETER AND INPUT VARIABLES 
1 EFF=PAR(l} 
CPH=PAR(2) 
CPC=PAR (3) 
THI=XIN{l) 
FLWH=XIN(2} 
TCI=XIN(3) 
FLWC=XIN(4) 
TCOMAX=XIN(5) 
YAUX=XIN (6) 
GAMMA=O . ° 
IF(FLWH.LE.O) 
THO=THI 
FLWH=O . O 
TCO=TCI 
FLWC=XIN{4} 
QT=O.O 
GAMMA=O.O 
GO TO 92 
ENDIF 
IF(FLWC . LE . O) 
THO=THI 
FLWH=XIN(2) 
TCO=TCI 
FLWC=O .O 
THEN 
THEN 
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QT=O.O 
GAMMA=O.O 
GO TO 92 
ENDIF 
C CALCULATE MINIMUM AND MAXIMUM CAPACITY RATES 
100 CH=CPH*FLWH*(l.-GAMMA) 
CC=CPC*FLWC 
CMIN = AMIN1(CC,CH) 
QMAX=CMIN*(THI-TCI) 
QT=EFF*QMAX 
THOHX=THI-QT!CH 
THO=GAMMA*THI+ (l-GAMMA) *THOHX 
TCO=TCI+QT!CC 
IF((TCO.LE.TCOMAX) .OR . (YAUX . GT.O.S)) THEN 
GO TO 92 
ELSE 
IF(GAMMA.GE.0.999) GO TO 92 
GAMMA=GAMMA+O.OOl 
GO TO 100 
ENDIF 
92 OUT(l)=THO 
OUT(2)=FLWH 
OUT(3)=TCO 
OUT(4)=FLWC 
OUT(S)=GAMMA 
OUT(6)=QT 
RETURN 1 
END 
Appendix E 
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SUBROUTINE TYPEl92 (TIME,XIN,OUT,T,DTDT, PAR, INFO, ICNTRL, *) 
C*********************************************************************** 
C THIS ROUTINE SIMULATES A SENSIBLE HEAT EXCHANGER, GIVING OUTLET 
C TEMPERATURES AND FLOWRATES OF HOT AND COLD STREAMS. THIS HX WILL 
C INCREASE THE COLD-SIDE FLOW IN ORDER TO KEEP THE HOT SIDE OUTLET 
C TEMPERATURE BELOW A USER-SPECIFIED MAXIMUM. 
C***************************************************** ****************** 
DOUBLE PRECISION XIN,OUT 
INTEGER*4 INFO 
DIMENSION XIN(S) ,PAR(3) ,OUT(IO) ,INFO(lS) 
CHARACTER*3 YCHECK(S) ,OCHECK(lO) 
C FIRST CALL OF SIMULATION 
IF (INFO(?) .GE.O) GO TO 1 
INFO(6) . 10 
INFO(9) - 1 
CALL TYPECK(1,INFO,S,3,0) 
C SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'TEl', 'MFl', 'TEl', 'MFl', 'TEl'/ 
DATA 
1 
CALL 
OCHECK/'TEI', 'MFl', 'TEl', 'MFI', 'TEl', 'MFl', 'TEl', 'MFl', 'DMl', 
'PWl' / 
RCHECK(INFO,YCHECK,OCHECK) 
RETURN 1 
C SET THE PARAMETER AND INPUT VARIABLES 
1 EFF .. PAR(l) 
CPH. PAR(2) 
CPC=PAR(3) 
C CHECK THE PARAMETERS FOR PROBLEMS 
IF(INFO(?) .EQ.-l) THEN 
IF( (EFF.LT.O.) .OR. (EFF.GT.l)) CALL TYPECK(-4,INFO,NI,l, 0) 
IF(CPH.LT.O.) CALL TYPECK(-4,INFO,NI,2,0) 
IF(CPC.LT.O.) CALL TYPECK(-4,INFO,NI,3,0) 
ENDIF 
THI",XIN(l) 
FLI'lH_XIN(2) 
TCI .. XIN(3) 
FLWC_MAX _XIN(4) 
THOMAX_XIN (5) 
GAMMA_O.OOOOI 
IF(FLWH.LE.O) THEN 
THO_THI 
FLWH_O.O 
TCO_TCI 
FLwC_O.O 
QT .. O.O 
GAMMA_O. ° 
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GO TO 92 
ENDIF 
IF(THI.LE.THOMAX) THEN 
THO=THI 
FLWH=XIN(2) 
TCO=TCI 
FLWC=O.O 
QT=O.O 
GAMMA=O.O 
GO TO 92 
ENDIF 
C CALCULATE MINIMUM AND MAXIMUM CAPACITY RATES 
100 CH=CPH*FLWH 
CC=CPC*FLWC MAX*GAMMA 
CMIN = AMIN1(CC,CH) 
QT=EFF*CMIN*(THI-TCI) 
THO=THI - QT/CH 
TCO=TCI+QT/CC 
IF (THO.LE.THOMAX) THEN 
GO TO 92 
ELSE 
IF(GAMMA.GE.1.) GO TO 92 
GAMMA=GAMMA+0.00001 
GO TO 100 
ENDIF 
92 OUT(l)=THO 
OUT (2) =FLWH 
OUT (3) =TCO 
OUT{4)=GAMMA*FLWC_MAX 
OUT(S)=TCI 
OUT(6)=(1 . -GAMMA)*FLWC_MAX 
OUT(7) =TCO*GAMMA+ (l.-GAMMA) *TCI 
OUT(8)=FLWC_MAX 
OUT (9) =l . -GAMMA 
OUT (10) .. QT 
RETURN 1 
END 
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E-2 Maximum and minimum chilled water flow rates for the Trane ™ AH.540 air 
handler controller 
The maximum and minimum enthalpies for the entire TMY hours are shown in Fig. E-
I below. The maximum enthalpy air conditions for the DBT and WBT are 24.25 °e and 
23.54 °e respectively. The minimum enthalpy air conditions for the DBT and WBT are 
21.85 °e and 12.49 °e respectively. These air conditions are inputted into the Trane 
software [79] to estimate the maximum and minimum chilled water flow rates for the 
Trane ewe as shown in figures E-2 and E-3. 
TMY Outdoor Air Enthalpy Versus Time For Kuala Lumpur 
140 t-----------------------------------------------------L-=-~E:n~:a~IP~y  
120 +-------------------------------------------------------------~ 
]? 100 +---------------------------------------------------~~~~--~ 
] 
~ 80 +---------------------------------------------------------~-
1 60 
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w 
20+---~~~----------------------------------------------~ O ~ ______________________________________________ __ 
o m ~ ~ ID ~ v ~ N ~ 0 m ~ ~ ID ~ v ~ N ~ 0 m 
m ~ ID ~ v ~ N ~ 0 m ~ ID ~ ~ ~ N ~ 0 m ~ ~ ~ 
~ ~ ~ m ~ ~ ~ ~ ~ N ID 0 v ~ N ID 0 ~ ~ ~ ~ 
Fig. E-l 
N N ~ ~ ~ v ~ ~ ~ ~ ID ID ~ ~ ~ ~ ~ 
Time (Hour) 
The maximum and minimum enthalpies for the 
entire TMY hours. 
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rane - se ec ion pac.age. - . 
PrOject alC for UHKL UrLlt : C~J 
-'-4 '~bl~1 13'='S ::::1=1(1 14:::: 
OJ UL 
GeLU. 
GALU. 
GALU. 
N 
Y 
Y 
0 
N 
0. 000 
Fig. E-2 
2.3 0.406 1.60 
24.3 1 
23.5 610 
14.3 1067 
14.2 0 
19.1 0 
55.8 0 
173 YL 
7.30 6 
AL 161 
CY Coil section 
The maximum chilled water flow rate at 1.6 Lis 
estimated by Trane software [79] for the 
maximum enthalpy. 
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Trane - AHU selection package. TM-U2.06b 
_ , ~ - 1 _ ::. ~ _ ~-' ~ '~~,- - .. .:'.,:: _-: 
Project CJ.lC for UHKL Unit: CJ.l 
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Fig. E-3 
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estimated by Trane software [79] for the minimum 
enthalpy. 
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Appendix F 
F-J Coil Sizing and Iterative Simulation 
F-2 Maximum and Minimum HPHX Working Fluid Temperatures 
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F-l Coil Sizing and Iterative Simulation 
Coil A- HPHX Evaporator 
AIR SIDE DATA 
Air On Dry Bulb Temperatu~e 
Air On Wet Bulb Temperatu~e 
Air On Relative Humidity 
Air Off Dry Bulb Tempe~atu~e 
Air Off Wet Bulb Tempe~ature 
coil Duty 
Ai~ Density 
Face velocity 
Air Pres.u~e Drop 
Air volume 
Sensible Heat Ratio 
FLUID SlOB DATA 
Fluid On Temperature 
Fluid Off Temperature 
Fluid Flow Rate 
Glycol 
Maximum Fluid Pressure Drop 
Actual Fluid Pressure Drop 
PHYSICAL COIL DATA 
Fin Material and Type 
Coil Type 
Tube Diamete~ 
Tubes High 
Finned "HeightN 
Finne" Length 
Pin Density (FPI) 
Circuit Type 
Number Sections 
Surfaca Margin 
Number Rows 
Moisture Carryover 
Number Sets of Connections 
Inlet Connection Si~e 
Outlet connection Size 
Duty Margin 
Coil C- HPHX Condenser 
AIR SIDE DATA 
Air On Dry Bulb Temperature 
Air On Wet Bulb Temperature 
Air On Relative Humidity 
Air Off Dry Bulb Temperature 
Air Off Wet Bulb Temperature 
coil Duty 
Air Density 
Face Velocity 
Air Pressure Drop 
Air Volume 
Sensible Heat Ratio 
FLUID SlOg DATA 
Fluid On Temperature 
Fluid Off Temperature 
26.05 ·c 
N/A ·c 
67 • 19.3 ·C 
19.3 ·C 
1. 01 kW 
1. 21 kg/m' Standard Air 
1.65 mi. 
106.2 ,. 
0.12 m'ls 
100 
19.2 ·c 
19.2 · C 
7.00 1/. 
0 \BGS 
50.0 ... 
77126.9kPa 
Aluminium 0.15 louvre 
Water 
12= 
7 
270 
270 
12 
1 
1 
1 
6 
N/A 
1 
= 
= 
Fb:ed 
Number 
2~ inch Calculate 
2~ inch Calculate 
1. 00 
14.7 · C 
NIl. · C 
NIl. , 
21. 6 · c 
NIl. · C 
1.01 kW 
1.21 kg/m' Standard Ai~ 
1.65 mls 
105.0 Pa 
0.12 m'/s 
N/A 
21.7 
21. 7 
'c 
·C 
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Fluid Flow Rate 
Glycol 
Maximum Fluid Pressure Drop 
Actual Fluid Pressure Drop 
PHYSICAL COIL DATA 
Fin Material and Type 
Coil Type 
Tube Diameter 
Tubes High 
Finned "Height" 
Finned Length 
Fin Density (FPI) 
Circuit Type 
Number Sections 
Surface Margin 
Number Rows 
Moisture Carryover 
Number Sets of Connections 
Inlet Connection Size 
Outlet Connection Size 
Duty Margin 
Specifications for the CWC - Coil B 
"R SIDE DATA 
Ai< On Dry Bulb Temperature 
Ai< On Wet Bulb Tempera ture 
Ai< On Relative Humidity 
Air Off Dry Bulb Temperature 
Ai< Off wet Bulb Temperature 
Coil Duty 
Air Density 
Face Velocity 
Air Pressure Drop 
Air Volume 
Sensible Heat Ratio 
FLUID SIDE DATA 
Fluid On Temperature 
Fluid Off Temperature 
Fluid Flow Rate 
Glycol 
Maximum Fluid Pressure Drop 
Actual Fluid Pressure Drop 
PHYSICAL COIL DATA 
Fin Material and Type 
Coil Type 
Tube Diameter 
Tubes High 
Finned Height 
Finned Length 
Fin Density (FPI) 
Circui t Type 
Number Sections 
Surface Margin 
Number Rows 
Moisture Carryover 
Number Sets of Connections 
Inlet Connection Size 
Outlet Connection Size 
Duty Margin 
7.00 
o 
1/. 
!isEGS 
20 .0 kPa 
76073.5kPa 
Aluminium 0.15 louvre 
Water 
12= 
, 
'" 
'" 12 
1 
1 
1 
, 
N/A 
1 
~ 
~ 
Fixed 
Number 
2~ inchCalculate 
2~ inchCalculate 
1. 01 
19.3 ·C 
N/A ·C 
100 , 
14.7 ·C 
14.6 ·C 
2.00 kW 
1.21 kg/m' Standard Air 
2.17 mi. 
82.8 Pa 
0.12 m'/s 
3S 
'.0 ·C 
'.0 ·C 
0.50 1/. 
0 !isEGS 
50.0 kPa 
259.4 kOa 
Aluminium 0.15 louvre 
Water 
12~ 
, 
'" 
~ 
20' ~ 
12 Fixed 
1 Number 
1 
1 
2 
Unlikely 
1 
1 inch Calcula te 
1 inch Calculate 
1.50 
Appendi~ F 
316 
Ph.D. Thesis 
Convergent study using software 
Fig. F -1 First convergent study for the HPHX coil sizing 
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Fig. F-2 First convergent study for the cwe coil sizing. 
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Standard Atmos. Pressure 
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Fig. F-3 Psychrometric conditions for the first convergent study 
for the HPHX and ewe coils sizing. 
Fig. F-4 Second convergent study for the HPHX coil 
sIzmg. 
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Fig. F-6 Psychrometric conditions for the second convergent study 
for the HPHX and ewe coils sizing. 
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The above simulation is the final convergent tests conducted for the HPHX and CWC 
coi ls sizing. The impelia l unit presented in the HPHX coi l sizing software is converted 
into SI unit for the final convergent test as shown above. 
1n addition, it is worth to mention here that the final specificat ion of the 8-row HPHX 
rather than 6-row used in the experimenta l study was recommended by the manufacturer 
as a safety factor (addi tional 2-rows added to the 6-rows). Note that this final HPHX 
design can be applied in any HV AC systems. In other words, the characteristics 
extracted from experimental works in the coming chapters can be used in any tropical 
HV AC systems. 
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F-2 Maximum and Minimum HPHX Working Fluid Temperatures 
Enerqy Recovery Heat Pipe Open 26/02/2002 171202 
Fig. F-7 Software simulation for the HPHX maximum temperature. 
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Fig. F-8 Software simulation for the ewe maximum temperature. 
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As can be seen in Figures F-7 and F-8, the inlet HPHX evaporator is 36 DC DBT, and 
the inlet HPHX condenser is 32.5 DC DBT. Therefore, the maximum working fluid 
temperature is 34.25 DC 
,!]; W((13 ht( (lnt"'QY R('(overy Diltdl .. r-J 
Fig. F-9 Software simulation for the HPHX minimum temperature. 
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Appendix F 
From Figures F-9 and F-I0, the inlet HPHX evaporator is 18 °e DBT, and the inlet 
HPHX condenser is 14.8 °e DBT. Therefore, the minimum working fluid temperature is 
16.4 0c. 
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Appendix G 
Tri-Sense Anemometer Calibration 
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Micro-Manomt'tt'r 
"'~g. Er.... 0.078 
Manomt'tt'f 
Fig. G-I Micro-manometer results for the Tri-Sense Anemometer 
calibrated in the low-speed wind tunnel. 
Fig. G-2 Manometer resul ts for the Tri-Sense Anemometer 
calibrated in the low-speed wind tunnel. 
.... g. Error 0.086 
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Appendix H 
Traverse Method Air Flow Study 
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Table H-J Air flow rate Traverse results 
Head Tri~Sense Tri~Sense Tri~Sense Tri~Sense Tri~Sense Tri~Sense 
mm Water 0.45 0.90 1.35 1.80 2.25 2.70 
TriMSense ReadinQ 1 1.48 1.46 1.66 2.00 2.55 2.62 
Anemometer Reading 2 2.00 1.46 2.09 2.46 2.75 2.73 
Reading 3 1.65 2.02 2.69 2.64 2.76 2.20 
Raw Reading 4 1.60 1.44 2.06 2.33 2.45 2.63 
Air Reading 5 0.75 1.49 1.05 1.00 1.53 1.44 
Face Reading 6 0.95 1.39 1.74 1.96 2.15 2.37 
Velocity Reading 7 0.97 1.40 1.73 1.98 2.20 2.37 
in Reading 8 1.00 1.41 1.72 2.01 2.23 2.42 
m/s Reading 9 0.51 0.59 0.96 1.18 1.39 1.50 
Reading 10 0.31 0.49 0.65 0.72 0.83 0.85 
Reading 11 0.95 1.50 1.78 2.09 2.31 2.45 
Reading 12 1.00 1.43 1.71 2.03 2.25 2.44 
Reading 13 0.96 1.42 1.73 2.04 2.18 2.38 
Reading 14 0.72 0.94 1.17 1.36 1.44 1.64 
Reading 15 0.18 0.27 0.36 0.40 0.55 0.60 
Reading 16 1.00 1.49 1.89 2.11 2.36 2.55 
Reading 17 1.05 1.54 1.87 2.11 2.37 2.49 
Reading 18 1.00 1.42 1.71 1.99 2.23 2.38 
Reading 19 0.34 0.39 0.49 0.65 0.89 0.75 
Reading 20 0.13 0.20 0.24 0.27 0.31 0.34 
Reading 21 0.75 1.39 1.74 2.02 2.16 2.32 
Reading 22 1.03 1.50 1.86 2.10 2.31 2.48 
Reading 23 0.93 1.35 1.63 1.90 2.10 2.25 
Readino 24 0.66 0.80 1.11 1.28 1.51 1.47 
ReadiQg25 0.31 0.34 0.60 0.68 0.62 0.60 
Average 0.89 1.17 1.45 1.65 1.86 1.93 
Note: Table HM] cOlltilllles flext page 
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Head Actual Actual Actual Actual Actual Actual 
mmWater 0.45 0.90 1.35 1.80 2.25 2.70 
Tri-Sense Readinq 1 1.39 1.37 1.58 1.92 2.47 2.54 
Anemometer Readinq 2 1.89 1.37 2.01 2.38 2.67 2.65 
& Readinq 3 1.56 1.91 2.61 2.56 2.68 2.12 
Actual Readinq 4 1.51 1.36 1.98 2.25 2.37 2.55 
Air Readinq 5 0.69 1.40 0.96 0.91 1.45 1.36 
Face Readinq 6 0 .88 1.31 1.66 1.88 2.07 2.29 
Velocity Readinq 7 0.90 1.32 1.65 1.90 2.12 2.29 
in Readinq 8 0.93 1.33 1.64 1.93 2.15 2.34 
mi. Readinq 9 0.46 0.54 0.87 1.09 1.31 1.42 
Readinq 10 0.27 0.44 0.56 0.63 0.74 0.76 
ReadinQ 11 0.88 1.41 1.70 2.01 2.23 2.37 
ReadinQ 12 0.93 1.35 1.63 1.95 2.17 2.36 
ReadinQ 13 0.89 1.34 1.65 1.96 2.10 2.30 
Readinq 14 0.66 0.88 1.08 1.27 1.36 1.56 
ReadinQ 15 0.15 0.23 0.27 0.31 0.46 0.51 
Reading 16 0.93 1.40 1.81 2.03 2.28 2.47 
Reading 17 0.98 1.45 1.79 2.03 2.29 2.41 
Reading 18 0.93 1.34 1.63 1.91 2.15 2.30 
Reading 19 0.30 0.35 0.40 0.56 0.80 0.66 
Reading 20 0.10 0.1 6 0.1 5 0.18 0.22 0.25 
Reading 21 0.69 1.31 1.66 1.94 2.08 2.24 
Reading 22 0.96 1.41 1.78 2.02 2.23 2.40 
Reading 23 0.87 1.27 1.55 1.82 2.02 2.1 7 
Reading 24 0.61 0.74 1.02 1.19 1.43 1.39 
Reading 25 0.27 0.30 0.51 0.59 0.53 0.51 
Average 0.83 1.09 1.36 1.57 1.77 1.85 
No/e: Table H-! COil/iI/li eS /lex/ page 
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Temp. Temp. Temp. Temp. Temp. Temp. 
Head (0C) (0C) (0C) (0C) (0C) (0C) 
mmWater 0.45 0.90 1.35 1.80 2.25 2.70 
Tri -Sense ReadinQ 1 20.2 19.0 20.9 22.1 22.2 22.2 
Anemometer ReadinQ 2 20.4 24.2 24.6 22.0 22.1 22.0 
ReadinQ 3 20.9 20.7 24.3 21 .9 20.7 22.2 
ReadinQ 4 20.1 24.1 24.2 23.4 20.7 21.7 
Air ReadinQ 5 19.7 24.1 24.2 23.6 22.1 21.1 
Face ReadinQ 6 19.9 19.1 24.7 20.9 24.6 23.7 
Temperature ReadinQ 7 20.1 24.1 24.6 21.6 19.8 23.3 
;n ReadinQ 8 20.8 24.1 24.0 22.0 20.4 22.8 
Celsius ReadinQ 9 19.8 24.0 24.0 23.3 20.7 21.8 
ReadinQ 10 19.5 24.0 24.1 23.5 21.7 21.2 
Reading 11 20.1 19.3 24.8 20.8 24 .9 23.9 
Reading 12 20.2 24.2 24.7 21 .5 19.8 23.3 
ReadinQ 13 20.1 24.2 24.3 22.1 20.4 22.5 
Reading 14 19.8 24.2 24.2 23.0 20.9 21.8 
Reading 15 19.7 24.2 24.1 23.6 21 .6 21.4 
Reading 16 20.2 19.7 24.8 20.9 24.9 23.9 
Reading 17 20.1 24.3 24.8 21.7 19.9 23.4 
Reading 18 19.9 24.3 24.4 22.1 20.5 22.6 
Reading 19 19.7 24.3 24.2 23.1 20.9 21.8 
Reading 20 19.8 24.3 24.2 23.7 21.6 21.5 
Reading 21 20.2 19.8 24.8 20.9 24.9 24.0 
Reading 22 20.1 24.3 24.8 21 .7 20.4 23.4 
Reading 23 19.9 24.3 24.5 22.2 20.5 22.7 
Reading 24 19.8 24.4 24.3 23.2 21.0 21.9 
Reading 25 19.8 24.4 24.3 23.7 21.7 21.7 
Average 20.0 23.1 24.3 22.3 21.6 22.5 
Note: Table H-1 COlltilllles Ilext page 
329 
Ph,D. Thes i ~ Appendix H 
Density Density Density Density Density Density 
Head (kg/mIl3) (k9/m '3 ) (kg/m I\3) (kg/mI\3) (kglm'3) (kg/mI\3) 
mm Water 0.45 0.90 1.35 1.80 2.25 2.70 
Tri-Sense Reading 1 1.204 1.209 1.201 1.196 1.195 1.195 
Anemometer Reading 2 1.203 1.187 1.185 1.196 1.196 1.196 
Reading 3 1.201 1.202 1.186 1.197 1.202 1.195 
Reading 4 1.204 1.187 1.187 1.190 1.202 1.197 
Air Reading 5 1.206 1.187 1.187 1.189 1.196 1.200 
Density Reading 6 1.205 1.208 1.185 1.201 1.185 1.189 
in Reading 7 1.204 1.187 1.185 1.198 1.205 1.191 
kg/mll3 Reading 8 1.201 1.187 1.188 1.196 1.203 1.193 
Reading 9 1.205 1.188 1.188 1.191 1.202 1.197 
Reading 10 1.207 1.188 1.187 1.190 1.197 1.199 
Reading 11 1.204 1.207 1.184 1.201 1.184 1.188 
Reading 12 1.204 1.187 1.185 1.198 1.205 1.191 
Reading 13 1.204 1.187 1.186 1.196 1.203 1.194 
Reading 14 1.205 1.187 1.187 1.192 1.201 1.197 
Reading 15 1.206 1.187 1.187 1.189 1.198 1.199 
Reading 16 1.204 1.206 1.184 1.201 1.184 1.188 
Reading 17 1.204 1.186 1.1 64 1.197 1.205 1.190 
Reading 16 1.205 1.186 1.166 1.196 1.202 1.194 
Reading 19 1.206 1.186 1.187 1.191 1.201 1.197 
Reading 20 1.205 1.186 1.187 1.189 1.198 1.198 
Reading 21 1.204 1.205 1.164 1.201 1.184 1.188 
Reading 22 1.204 1.186 1.184 1.1 97 1.203 1. 190 
Reading 23 1.205 1.186 1.166 1.195 1.202 1.193 
Reading 24 1.205 1.186 1.186 1.191 1.200 1.197 
Reading 25 1.205 1.186 1.186 1.189 1.197 1.197 
Average 1.204 1.191 1.187 1.195 1.198 1.194 
Note: Table H-1 contillues next page 
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Vol. FR Vol. FR Vol. FR Vol. FR Vol. FR Vol. FR 
Head (m"3/s) (m"3/s) (m"3/s) (m"3/s) (mA3/s) (mA3/s) 
mmWater 0.45 0.90 1.35 1.80 2.25 2.70 
Tri-Sense Reading 1 0.130 0.128 0.147 0.178 0.230 0.236 
Anemometer Readina 2 0.176 0.128 0.187 0.221 0.249 0.247 
Readino 3 0.145 0.178 0.243 0.238 0.249 0.197 
Readino 4 0.140 0.126 0.184 0.209 0.220 0.237 
Air Readina 5 0.064 0.131 0.090 0.085 0.134 0.126 
Volumetric Readina 6 0.082 0.122 0.154 0.175 0.192 0.213 
Flow Readina 7 0.084 0.123 0.153 0.177 0.197 0.213 
Rate Reading 8 0.087 0.123 0.152 0.179 0.200 0.218 
In Readina 9 0.043 0.050 0.081 0.102 0.121 0.132 
mA3/s Readina 10 0.025 0.041 0.052 0.059 0.069 0.071 
Readina 11 0.082 0.131 0.158 0.187 0.207 0.220 
Readina 12 0.087 0.125 0.151 0.181 0.202 0.220 
Reading 13 0.083 0.124 0.153 0.182 0.195 0.214 
Reading 14 0.062 0.081 0.101 0.119 0.126 0.145 
Reading 15 0.013 0.022 0.025 0.029 0.043 0.048 
Reading 16 0.087 0.131 0.168 0.189 0.212 0.230 
Reading 17 0.091 0.135 0.166 0.189 0.213 0.224 
Reading 18 0.087 0.124 0.151 0.177 0.200 0.214 
Reading 19 0.028 0.032 0.037 0.052 0.075 0.062 
Reading 20 0.009 0.015 0.014 0.017 0.020 0.023 
Reading 21 0.064 0.122 0.154 0.180 0.193 0.208 
Reading 22 0.089 0.131 0.165 0.188 0.207 0.223 
Reading 23 0.081 0.118 0.144 0.169 0.188 0.202 
Reading 24 0.056 0.069 0.095 0.111 0.133 0.129 
Reading 25 0.025 0.028 0.048 0.055 0.049 0.048 
Average 0.077 0.102 0.127 0.146 0.165 0.172 
Note: Table H-l continues next page 
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Mass FR Mass FR Mass FR Mass FR Mass FR Mass FR 
Head (kg/s) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s) 
mm Water 0.45 0.90 1.35 1.80 2.25 2.70 
Tri-Sense Reading 1 0.108 0.106 0.122 0.149 0.192 0.198 
Anemometer Reading 2 0.146 0.108 0.158 0.185 0.208 0.206 
Reading 3 0.121 0.148 0.205 0.199 0.20B 0.165 
Reading 4 0.117 0.106 0.155 0.176 0.183 0.198 
Air Reading 5 0.053 0.110 0.076 0.071 0.112 0.105 
Mass Reading 6 0.068 0.101 0.130 0.145 0.162 0.179 
Flow Reading 7 0.070 0.103 0.129 0.147 0.164 0.179 
Rate ReadinQ 8 0.072 0.104 0.128 0.150 0.166 0.182 
in Reading 9 0.036 0.042 0.068 0.085 0.101 0.110 
kg/s Reading 10 0.021 0.035 0.044 0.049 0.058 0.059 
Reading 11 0.068 0.109 0.133 0.156 0.175 0.186 
Reading 12 0.072 0.105 0.128 0.151 0.167 0.184 
Reading 13 0.069 0.105 0.129 0.152 0. 162 0.179 
Reading 14 0.051 0.069 0.085 0.100 0.105 0.121 
ReadinQ 15 0.011 0.018 0.021 0.024 0.036 0.040 
Reading 16 0.072 0.108 0.142 0.157 0.179 0.193 
Reading 17 0.076 0.114 0.140 0.158 0.177 0.188 
Reading 18 0.072 0.105 0.128 0.148 0.166 0.179 
Reading 19 0.023 0.027 0.031 0.044 0.062 0.051 
Reading 20 0.007 0.013 0.012 0.014 0.017 0.019 
Reading 21 0.054 0.101 0.130 0.150 0.163 0.175 
Reading 22 0.074 0.111 0.140 0.157 0.172 0.188 
Reading 23 0.067 0.099 0.121 0.141 0.156 0.169 
Reading 24 0.047 0.058 0.080 0.093 0.110 0.108 
Reading 25 0.021 0.023 0.040 0.046 0.041 0.040 
Average 0.064 0.085 0.1 07 0.122 0.138 0.144 
Note: End ofTahle H-l 
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Table H-2 Resu lts for the Tri-sense air face velocity spot-checked 
using a pitot tube. 
Head Head 
Air face 
Velocity Face Vel. 
Traverse Method Air flow measurement 
Pressure Ilumber 
Barometric 
Pressure 
The velocity traverse method is conducted across the square duct cross-section to 
detenn ine the value of the airflow rate in the testing chamber. It is evident that the air 
face veloci ty va lies from point to point over the cross-section of the square duct, and 
thus, an unbiased ave rage air flow rate over the square duct cross-section must be 
obtained by taking air face velocity at a number of points as shown in Fig. H- I. The 
overall results for various points and fan speeds are tabulated in Fig. H-2. 
The Tli -sense anemometer is applied to detelTIline the air face velocities at d ifferent 
points in mls for vat;ous fan speeds, wh ich indicated by pressure drop measured in mm 
water gauge using a micro-manometer. Then, the volumettic airflow rate is ca lcu lated by 
mul tiply ing the simple average air face velocity at each pressure drop with total duct area. 
The mass flow rate in kg/s for each pressure drop is finall y computed by dividing the 
volume flow rate by the specific volume as can be seen in Table H-l. 
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Fig. H-2 Overall results for velocity traverse conducted at 
different points and pressure drops. 
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Appendix I 
Temperature Abbreviations and Locations 
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Table I - I Temperature Abbreviations and 
Locations for Experi mental Set~ 
up in Chapter 5. 
Symbol 
T1 1 
T1 2 
T13 
T14 
T16 
T17 
T18 
Symbol 
T19 
T20 
Symbol 
1'21 
T22 
T23 
T24 
Symbol 
1'25 
T26 
T27 
T28 
Symbol 
RTOO1 
RTOO2 
station 1 
T em pe r atu re Mo nim ri ng lo cati on 
H p RX Eva po rato r In let T op Wet Sui b 
H P HX Eva po rato r In let Bottom Wet Bul b 
H P HX Eva po rato r In let T op Bul b 
rato r In let Bottom Bul b 
I 
HPHX Evaporator Outlet Bottom Wet Bulb 
HPHX Evaporator Outlet Top Dry Bulb 
HPHX Evaporator Outlet Bottom Dry Bulb 
station 3 
Temperature MonitO ring location 
ewe OUBetWet Bulb 
ewe Ouli etDry8ulb 
station 4 
T em pe r atu re Mo nim ri ng Lo cati on 
A p AX condenser Inlet T op Wet Bulb 
HPHX Condenser Inlet Bottom Wet Bulb 
H PHX Condenser In letT op Dry Bul b 
H P HX C on dense r In let Bottom Dry Bul b 
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Temperature Sensors Calibration 
ApPI'ndix J 
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Table J-l Functions and Rl values of Temperature Sensors 
Temperature Fu nction ofTempcratllre Sensor R Value 
Sensor 
RTOOI y -0.0000954x + 1.0040520:< + 0.0984409 0.9999987 
RTD02 Y -0.0000359x + 1.001 0252x + 0.1401300 0.9999991 
Til Y -0.0000376x + 0.0030347x + 0.9371685:< + O.oJ 83371 0.9999548 
TI2 Y -0.0002088x + 1.01 57047x - 0.4990528 0.9999629 
T13 Y -0.0001492x + 1.0142477x - 0.5141696 0.9999802 
Tt4 Y -0.0000356x + 1.0076358x - 0.4375098 0.9999632 
TtS Y -0.0002465x· + 1.0234oo6x - 0.4896255 0.9999762 
Tt6 Y -0.0000986)( + 1.0065557x - 0.0631335 0.9999876 
T 17 Y -0.0002503:< + 1.0 1 68578x - 0.1903748 0.9999949 
T t 8 Y -0.0001570x + 1.0179058x - 0.4571440 0.9999955 
Tt9 Y -0.0001068x + 1.0114872x - 0.5370595 0.9999988 
TIO Y -0.0002554)( + 1.0184889x - 0.6471070 0.9999984 
TIt Y -0.0000983x + 1.0190589)( - 0.7700704 0.9999979 
T22 Y -0.0001706x + 1.0125438x - 0.6065365 0.9999927 
T23 Y -0.0002644x + 1.0234085x - 0.7910059 0.9999993 
TI4 Y -0.0001633x + 1.0142343x - 0.6856027 0.9999972 
TIS Y -0.00063 12:< + 1.0426115x - 1.9429683 0.9999928 
T26 Y -0.0003962x + 1.0250627x - 1.8227834 0.9999742 
TI7 Y 0.0000618x - 0.0060528x~ + 1.1747366x - 3.0261104 0.9999540 
TI8 y=-0.OOOO0979x + 0.00131116x -0.06164287x +2.17643618x- 0.99999996 
9.07125272 
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Table J-2 Temperature readings for Channels 1 to 8 
Time MAR MBR T1 T2 T3 T4 T5 T6 T7 TB 
16:49:2206-19-2002 20.549 27.837 20.192 20.205 20.471 20.491 20.676 20.711 20.58 20.525 
16:50:1806-19-2002 20.451 27.841 20.184 20.194 20.440 20.435 20.615 20.528 20.497 20.440 
16:51:1206-19-2002 20.401 27.834 20.183 20.267 20.467 20.519 20.483 20.495 20.387 20.304 
Barometric Pressure = 764 mmHg 
Note: MAR - Prema probe 3012 
MBR - Cold Junction Compensation (CJC)/Prema probe 3011 
Table J-3 Temperature readings for Channels 9 to 10 
Time MAR MBR M09T M10T 
17:25:4106-19-2002 18.981 27.319 18.905 18.648 
17:26:3606-19-2002 19.093 27.299 18.867 18.666 
17:27:3106-19-2002 19.093 27.261 18.799 18.700 
17:28:2506-19-2002 19.076 27.258 18.771 18.685 
17:29:2006-1 9-2002 19.028 27.229 18.675 18.659 
17:30:1406-19-2002 18.985 27.202 18.604 18.661 
17:31 :0906-19-2002 18.952 27.198 18.580 18.644 
17:32:0306-19-2002 18.882 27.154 18.538 16.668 
17:32:5806-19-2002 18.858 27.1 34 18.555 18.696 
Barometric Pressure = 764 mmHg 
Note: MAR - Prema probe 3012 
MBR - Cold Junction Compensation (CJC)/Prema probe 3011 
The reference temperature (Probe 3012) is plotted as a function of temperature sensor 
(RTDOl) as shown in Fig. 1-1. The fu ll set of functions for temperature sensors as well 
as R2 values is included in Table 1-1. 
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RTD01 Versus Probe 3012 
50 u================o-------------------------------, 
-+- RTD01 
c: 
~ 50 ~ -Poly. (RTD01) 
M 
CII 
.g 40 
~ 
CII VI 
... :l 
~~ 30 +-------------------------~~----------------------__; 
... QI 
~(J 
E 
~ 20 +---------------~~----------~------------------
fl y = -0.0000954x2 + 1.0040520x + 0.0984409 
c: 
l!! R2 = 0.9999987 
.; 10 
ex: 
O +, --------r-------~------_r------~--------~------~ 
o 10 20 30 40 50 50 
RTD01 Temperature in Celsius 
Fig. J-1 Reference temperature as a function of RTDO I. 
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AppendixK 
K-I The fu ll set data for energy and mass balance ratios 
K-2 Experimental results for the influence of inlet DBT &RHfor the HPHX 
evaporator and mass flow rate on sensible heat ratio (SHR) for Process 1-3 
(SHR-AC') and Process 1-5 (SHR-Net) 
.. It should be lIote(1 tlUlI the SHR - AC mealls Sellsible Heat Ratio - Active Coolillg tllrougholll 
this Appendix. 
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Table K-l Energy balance ratio between air and water-sides of the ewe 
Mass flux rate at 1.3 kg/m2s (0.121 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = 11112_3 
temperature mC pl1Tcrv 
CC) RH=50% RH=60% RH=70% RH=80% 
20 0.91 0.90 0.92 0.95 
24 0.91 0.93 0.96 0.93 
28 0.96 0.92 0.90 0.91 
32 0.91 0.93 0.95 0.96 
Mass flux rate at 1.6 kg/m2s (O.l 50 kg/s) 
Dry-bulb 
Energy Balance Ratio (EBR) = 1111 2_3 
temperature mCpl1Tcw 
(0C) RH -50%. RH -60% RH-70% RH-80% 
20 0.90 0.96 0.95 0.94 
24 0.94 0.94 0.94 0.95 
28 0.90 0.91 0.93 0.98 
32 0.92 0.97 0.91 0.96 
Mass flux rate at 1.9 kg/m2s (0.176 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = , 11112_3 
temperature mC p l11~rv 
(0C) RH = 50% RH=60% RH=70% RH=80% 
20 0.93 0.94 0.97 0.90 
24 0.94 0.96 0.93 0.97 
28 0.94 0.92 0.93 0.98 
32 0.96 0.90 0.97 0.95 
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Mass flux rate at 2.1 kg/m2s (0.196 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = b.h2_J 
t~mperature mCpD..Tcw 
CC) RH-SO% RH-60% RH-70% RH-80% 
20 0.94 0.95 0.93 0.90 
24 0.94 0.97 0.90 0.95 
28 0.9\ 0.93 0.99 0.93 
32 0.92 0.95 0.94 0.98 
Mass flux rate at 2.2 kg/m2s (0.205 kg/s) 
Dry-bulb 
Energy Balance Ratio (ERR) = D..h2_3 
temperature mCpD..Tcw 
(0C) RH 50% RH 60% RH 70% RH 80% 
20 0.96 0.92 0.97 0.93 
24 0.95 0.97 0.98 0.94 
28 0.90 0.95 0.94 0.95 
32 0.91 0.97 0.99 0.92 
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Table K-2 Energy balance ratio beh'Veen air of the ewe and tbe entire duct 
circuit. 
Mass flux rate at 1.3 kg/m2s (0.121 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = 6h2_3 
temperature 
6h1_S 
CC) RH = 50% RH=60% RH = 70('10 RH=80% 
20 0.99 1.00 1.02 1.02 
24 1.06 1.07 1.01 1.02 
28 0.98 1.02 1.00 0.94 
32 1.00 1.04 1.1 0 1.01 
Mass flux rate at 1.6 kg/m2s (0.1 50 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = 6h2_3 
temperature 
t1h l_5 
CC) RH-50% RH-60% RH-70% RH-80% 
20 1.06 1.02 0.99 0.98 
24 0.99 1.02 0.97 1.00 
28 0.98 1.04 1.02 1.01 
32 1.00 0.94 0.95 1.03 
Mass flux rate at 1.9 kg/m2s (0.176 kgls) 
Dry-bulb 
Energy Balance Ratio (EBR) = 611 2_3 
temperature 
6111_5 
(0C) RH = 50%. RH -600/0 RH - 70% RH - 80% 
20 1.05 1.00 1.00 1.00 
24 1.04 1.01 1.00 1.01 
28 1.00 0.93 1.00 0.98 
32 1.00 1.0 1 1.02 1.09 
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Mass flux rate at 2.1 kg/m2s (0.196 kg/sl 
Dry-bulb 
"" Energy Balance Ratio (EBR) = ----2.:l. 
temperature 
611\ _5 
(0C) RH - 50%. RH -60% RH-70% RH -80% 
20 0,99 1.01 1.07 0,92 
24 1.01 0,96 0,97 1.04 
28 1.01 0,94 0,96 1.01 
32 0,92 0,95 1.1 0 1.06 
Mass flux rate at 2.2 kg/m2s (0.205 kglsl 
Dry-bulb I1h 
Energy Balance Ratio (EBR) = ----2.:l. 
temperature 
Mtt_S 
roC) RH-50% RH-60% RH-70% RH-80% 
20 0,99 0,99 1.02 1.00 
24 1.00 0,97 1.07 1.03 
28 0,98 0,98 0,98 1.03 
32 1.04 1.02 1.01 0,99 
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Table K-3 Measured and calculated water mass balance ratio at the 
ewe. 
Mass flux rate at 1.3 kglm2s (0.121 kg/s) 
Dry-bulb 
11/ '" In""Jurtt/ Mass Balance Ratio (MBR) = 
temperature 
m IV ro/",,/mM • 
("C) RH-50% RH-60% RH-70% RH-80% 
20 0.94 0.93 1.08 0.97 
24 0.89 0.99 1.0 I 1.02 
28 0.99 1.04 0.93 0.99 
32 1.03 0.99 0.93 1.02 
Mass flux rate at 1.6 kg/m2s (0.1 50 kg/s) 
Dry-bulb 
111 .. "If:fJJurM Mass Balance Ratio (MBR) = 
temperature 
mil! ro/CU/IJ/td * 
("C) RH 50% RH 60%. RH 70% RH 80% 
20 1.01 0.91 0.89 1.03 
24 0.99 0.91 1.05 1.05 
28 0.93 0.93 0.98 0.93 
32 0.97 0.96 0.95 1.01 
Mass flux rate at 1.9 kg/m2s (0.176 kg/s) 
Dry-bulb 
111 ... "'rrJJIlf?r/ Mass Balance Ratio (MBR) = 
temperature 
111 It. CO/CU/I1IM * 
("C) RH-50% RH - 60 % RH - 70% RH -80% 
20 0.90 0.93 0.91 0.92 
24 1.09 1.04 0.98 1.00 
28 0.94 0.94 1.04 0.92 
32 0.96 0.93 0.96 0.94 
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Mass flux rate at 2.1 kg/mls (0.196 k2/S) 
Dry-bulb 
111 ", mellSl"..:d Mass Balance Ratio (MBR) = 
temperature 
IIl lI'ro/cII/llled * 
(0C) RH-50%. RH-60% RH 70% RH-80% 
20 1.04 0.91 0.92 0.99 
24 0.94 0.93 1.00 0.96 
28 0.96 0.91 0.99 1.07 
32 1.04 1.02 0.99 0.97 
Mass flux rate at 2.2 kg/m2s (0.205 kg/s1 
Dry-bulb . 
Mass Balance Ratio (MBR) = 111 ", memured 
temperature 
111 '" ro/c,,/wcd 
, 
(0C) RH-50% RH-60% RH-70% RH-80% 
20 0.95 0.92 0.98 0.91 
24 0.95 0.96 0.90 1.09 
28 1.09 0.88 0.93 1.09 
32 0.96 1.09 1.00 0.95 
*Note that the calculated water mass in Chapter 6 can be computed using the 
expression below (based on Fig. 5-2): 
m lI' rolculwed = m il (W3 - W2 ) ----- ------------------------------ ------------(K. 1) 
where W3 alld W]are the air humidi ty ratios and can be read from the psychromeh·ic chart 
ifthe DBT and WBT are known. 
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Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (DBT) for 0.121 kg/s 
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Fig. K-1a 
Inlet Dry·Bulb Temperature for the HPHX Evaporator [Celsius] 
The influence of inlet DBT for the HPHX evaporator on 
SHR-AC for mass flow rate at 0.121 kg/so 
Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (DBT) for 0.121 kg/s 
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Inlet Dry-Bulb Temperature for the HPHX Evaporator [Celsius) 
Fig.K-lb The influence of inlet DBT for the HPHX evaporator on 
SHR-Net for mass flow rate at 0.121 kg/so 
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Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (DBT) for 0.150 kg/s 
DBT=21.5 ·C ...... SHR-AC [50%] 
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Fig. K-2a 
Inlet Dry-Bulb Temperature for the HPHX Evaporator [Celsius] 
The influence of inlet D BT for HPHX evaporator on SHR-
AC for mass flow rate at 0.150 kg/so 
Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (DBT) for 0.150 kg/s 
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Fig. K-2b The influence of inlet DBT for the HPHX evaporator on 
SHR-Net fo r mass flow rate at 0.150 kg/so 
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Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (OBT) for 0.176 kg/s 
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Fig. K-3a The influence of inlet DBT for the HPHX evaporator on 
SHR-AC for mass flow rate at 0.176 kg/so 
Sensible Heat Ratio (SHR) Versus Dry-Bulb Temperature (DBT) for 0.176 kg/s 
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Fig. K-3b The influence of inlet DBT for the HPHX evaporator on 
SHR-Net for mass flow rate at 0.176 kg/so 
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Sensible Heat Ratio (SHR) Versus DIY-Bulb Temperature (DBT) for 0.196 kg/s 
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Fig. K-4a The influence of inlet DBT for the HPHX evaporator on 
SHR-AC for mass flow rate at 0,196 kg/so 
Sensible Heat Ratio (SHR) Versus DIY-Bulb Temperature (DBT) for 0.196 kg/s 
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Bias Uncertainty Analysis/or Process 1-3 (SHR-Aclive Cooling) and Process 1-5 
(SHR-Net) 
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Bias Uncertainty analysis for the inlet HPHX evaporator DBT at 29.1 °C and RH 
at 65.7% 
The bias uncertainty that results from a nonunifonn temperature distribution at a 
measuring point in the testing rig (BT_ ) can be approximate ly represented by [47]: 
T ~ - T "" -------------------------------------------(L.J) 
11 
where n is the number of independent temperature sensors, Tma., is the maximum 
temperature measured in the testing rig, and T,lIill is the minimum measured 
temperature. 
Table L-l lists the measured values for all dry-bu lb and wet-bulb temperatures. 
Table L-2 lists the calculated bias uncerta inty values based on equation (L.!) for all 
dry-bulb and wet-bulb temperatures. Tables L-3 to L-4 lists the bias uncertainty 
values for all other dependent variables based on the maximum and minimum dry-
bulb and wet-bulb temperatures in Table L-2. 
Table L- l Measured values for the calibrated temperature sensors - SHR 
Average DBT Average WBT 
Station (0C) (0C) 
1 29_1 23.7 
2 22.7 21.9 
3 19.5 19.5 
4 19.5 19.5 
5 25.7 21.4 
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Table L-2 Bias Uncertainties for the calibrated temperature sensors -SHR 
Bias Bias 
Max Max Min Min Uncertainty Uncertainty Error Error 
DBT WBT DBT WBT Max Min DBT WBT 
Station (0C) (0C) (0C) (0C) (0C) (0C) (%) (%) 
1 29.1 23.7 29.1 23.6 0.01 0.05 0.0 0.2 
2 23.7 22.0 21.8 21.8 0.94 0.12 4.2 0.5 
3 20.4 20.1 18.5 18.8 0.98 0.62+ 5.0 3.2 
4 19.5 19.7 19.4 19.2 0.05 0.27 0.2 1.4 
5 26.7 22.0 24.7 20.8 0.98 0.62 3.8 2.9 
In this elTor analysis, the bias uncertainty for other dependent variables that results 
from a nontmiform temperature distribution at a measuring point in the testing rig 
(Sr ) can be approximately represented by: 
--
Br = X m<I~ - X mill -------------------------------------------(L.2) 
~.. 11 
where X is either humidity ratio W, enthalpy h, sensible heat ratio (SHR), or energy 
balance ratio (EBR); where 11 is the number of dependent variables, ~tWX and X,lIill 
were the maximum and minimum dependent variables calculated based on maximum 
and minimum dry-bulb and wet-bulb temperatures (Table L-2). 
Table L-3 Bias Uncertainties for tbe humidity ratio - SHR 
Average 
Humidity Humidity Humidity 
Ratio W Ratio WI Ratio W1 
(g water/ kg (g water/ kg (g water/ kg Bias 
Station dry air) d ry air) dry air) Uncertainty 
1 16.386 16.457 16.314 0.07 
2 16.336 16.11 16.564 0.23 
3 14.327 14.751 13.923 0.41 
4 14.338 14.684 13.996 0.34 
5 14.347 14.83 13.885 0.47 
+ It should be noted that bias IIl1 cerfailllies Jor Stalioll 3 (consisted oj individual DBT alld 
WBT sensors) 'were assumed fO be fhe sallie as Station 5 dlle to the Jact that Station 5 hatl 
the highest bias III/certainty values. 
Error 
W 
(%) 
0.4 
1.4 
2.9 
2.4 
3.3 
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Table lr4 Bias Uncertainties for the enthalpy - SUR 
Average 
Enthalpy" Enthalpy " I Enthalpy'" Bias Error" 
Station (kJ/kg~) (kJ/kg) (kJ/kg) Uncertainty (%) 
1 71.1 71.3 70.9 0.20 0.3 
2 64.4 64.8 64.0 0.40 0.6 
3 55.9 58.0 53.9 2.06 3.7 
4 55.9 56.9 55.0 0.92 1.6 
5 62.4 64.6 60.2 2.22 3.6 
Table L-5 Bias Uncertainties for the SUR-Active Cooling and SHR-Overall Net 
Sensible 
Heat Error 
Ratio Average Maximum Minimum Bias SHR 
(SHR) SHR SHR SHR Uncertainty (%) 
Active 
Cooling 0.65 0.67 0.64 0.02 2.3 
Overall 
Net 0.40 0.42 0.37 0.03 6.3 
Table L-6 Bias Uncertainties for the Energy Balance Ratio (EBR) 
Error 
Maximum Minimum EBR 
Averaee EBR ERR ERR Bias Uncertainty (%) 
1.04 1.33 0.83 0.25 24.0 
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AppendixM 
Bias Uncertainty Analysis for the sensible and total effectiveness 
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Effectiveness Bias Uncertainty Analysis for the inlet HPHX evaporator DBT at 
29.6°C and RH at 71.3% - Sensible and Total Effectiveness 
The same bias uncertainty theory in Appendix L is used to calculate bias 
uncertainties for both sensible and total effectiveness. 
Table M-l lists the measured values for all dry-bulb and wet-bulb temperatures. 
Table M-2 lists the calculated bias uncertainty values based on equation (L.l) for all 
dry-bulb and wet-bulb temperatures. Tables M-3 to M-5 lists the bias uncertainty 
values for all other dependent variables based on the maximum and minimum dry-
bulb and wet-bulb temperatures in Table M-2. 
Table M-l Measured values for the calibrated temperature sensors-
Effectiveness 
Average DBT AverageWBT 
Station (OC) (OC ) 
1 29.7 25.0 
2 23.4 23.4 
3 21.2 21.2 
4 21.3 21.2 
5 27.7 23.1 
Table M-2 Bias uncertainties for the calibrated temperature sensors-
Effectiveness 
Bias Bias 
Max Max Min Min Uncertainty Uncertainty E rror 
DBT WBT DBT WBT Max Min DBT 
Station roC) rOC) (OC) (0C) (0C) (OC) (%) 
1 29.7 25.1 29.6 25.0 0.01 0.02 0.0 
2 23.5 23.5 23.3 23.2 0.10 0.12 0.4 
3+ 21.8 22.0 20.7 20.5 0.53 0.76 2.5 
4 21.4 21.3 21.2 21.2 0.06 0.02 0.3 
5 28.3 23.8 27.2 22.3 0.53 0.76 1.9 
+ It should be /lo/elilliat bias IIlIcertaintiesJor Statioll 3 (consisted of i"divilll/af DBT alld 
WBT sensors) were assumed to be rhe same as Slolioll 5 due to the fact thaI Statioll 5 had 
the highest bias III/certainly values. 
Error 
WBT 
(%) 
0.1 
0.5 
3.6 
0.1 
3.3 
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Table M-3 Bias uncertainties for the humidity ratio - Effectiveness 
Average 
Humidity Humidity Humidity 
Ratio W Ratio WI Ratio W2 Error 
(g water! kg (g water! kg (g water! kg Bias W 
Station drvair) drvair) drvair) Uncertainty (%) 
1 18.316 18.345 18.288 0.03 0.2 
2 18.252 18.394 18.110 0.14 0.8 
3 15.972 16.850 15.127 0.86 5.4 
4 15.958 15.965 15.951 0.01 0.0 
5 15.959 16.915 15.039 0.94 5.9 
Table M-4 Bias uncertainties for the enthalpy - Effectiveness 
Average 
Enthalpy" Enthalpy" I Enthalpy", Bias Error It 
Station (kJ!kg) (kJ!ki) (kJ!k.) Uncertainty (%) 
1 71.1 71.3 70.9 0.20 0.3 
2 64.4 64.8 64.0 0.40 0.6 
3 55.9 58.0 53.9 2.06 3.7 
4 55.9 56.9 55.0 0.92 1.6 
5 62.4 64.6 60.2 2.22 3.6 
Table M-S Bias uncertainties for the sensible and total effectiveness 
Error 
Average Effectiveness Effectiveness Bias SHR 
Effectiveness Effectiveness 1 2 Uncertainty (%) 
Sensible 0.75 0.75 0.76 0.01 0.7 
Total 0.46 0.43 0.48 0.03 5.4 
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AppendixN 
The air processes in both air-conditioners, with and without HPHX,for all 
12 cases are plotted on the psychrometric charts 
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Fig. N-l The air processes in both air-conditioners, with and without HPHX, for 
nominal State-l RH at 50%, DBT at 20°C and air face velocity at 1.165 
mls. 
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Fig. N-2 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-l RH at 50%, DBT at 20°C and air face velocity at 1.652 
mls. 
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Fig. N-3 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-1 RH at 50%, DBT at 200 e and air face velocity at 1.931 
mls. 
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Fig. N-4 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-1 RH at 80%, DBT at 200 e and air face velocity at 1.165 
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Fig_ N-5 The air processes in both air-conditioners, with and without HPHX, for 
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Fig. N-7 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-l RH at 50%, DBT at 32°C and air face velocity at 1.165 
mls. 
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Fig. N-9 The air processes in both air-conditioners, with and without HPHX, for 
nominal State- l RH at 50%, DBT at 32°C and air face velocity at 1.931 
mls. 
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Fig. N-1 0 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-1 RH at 80%, DBT at 32°C and air face velocity at 1.165 
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Fig. N-11 The air processes in both air-conditioners, with and without HPHX, for 
nominal State-l RH at 80%, DBT at 32°C and air face velocity at 1.652 
mls. 
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Fig. N-12 The air processes in both air-conditioners, with and without HPHX, for 
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Appendix 0 
Bias Uncertainty Analysis/or the Enthalpy Changes (H & H), Reheat RecovelY and 
Evaporator Pre-cooling Ratio (EPR) 
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Enthalpy Changes (H & H'> and Reheat Recovery Bias Uncertainty Analyses for 
the iDlet HPHX evaporator OBT at 2t.O°C and RH at 82.7% 
The same bias uncertainty theory in Appendix L is llsed to calculate bias 
uncertain ties for enthalpy changes (H & H) and reheat recovery. However, it is 
slightly complicated in the current analyses because reheat recovery needs an 
additional dependent variable (i. e. mass flow rate) to detennine its bias uncertainty. 
0.1 Bias Uncertainty Analyses for the HV AC System with HPHX Insta lled 
The following sub-sections describe the bias uncertainty studies for independent 
and dependent variables for the HY AC System. 
0.1.1 Bias Uncertainty Analyses for DBT, WBT, Humidity Ratio and Enthalpy 
Table 0 -1 lists the measured values fo r all dry-bulb and wet-bulb temperatures . 
Table 0 -2 lists the calculated bias uncertainty values based on equat ion (1.1) for all 
dry-bulb and wet-bulb temperatures. Tables 0-3 to 0-4 li sts the bias uncertai.nty 
values fo r all other dependent variables, with the exception of mass flow rate, based 
on the maximum and minimum dry-bulb and wet-bulb temperatures in Table 0-2. 
Table 0-1 Measured values for the calibrated temperature sensors - (With 
HPHX) 
AverageDBT AverageWBT 
Station (0C! (oC) 
1 21.0 I S.7 
2 17.6 17.6 
3 13.6 13.5 
4 13.6 13.5 
5 16.9 14.7 
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Table 0-2 Bias uncertainties for the calibrated temperatnre sensors - (With 
HPHX) 
Bias Bias 
Max Max Min Min Uncertainty Uncertainty Error Error 
DBT WBT DBT WBT Max Min DBT WBT 
Station (0C) (0C) (0C) (0C) (0C) (0C) (%) (%) 
1 21.0 18.7 20.9 18.7 0.05 0.02 0.3 0.1 
2 17.9 17.9 17.3 17.3 0.32 0.30 1.8 1.7 
3+ 13.9 14.0 13.3 13.0 0.32 0.48 2.4 3.6 
4 13.6 13.5 13.5 13.4 0.06 0.07 0.4 0.6 
5 17.2 15.2 16.6 14.3 0.32 0.48 1.9 3.3 
Table 0-3 Bias uncertainties for the humidity ratio - (With HPHX) 
Average 
Humidity Humidity Humidity 
Ratio W Ratio WJ Ratio Wz Bias Errol' 
(g waterl kg (g waterl kg (g waterl kg Uncertainty W 
Station dry air) dry air) drvair) (%) 
1 12.544 12.551 12.538 0.01 0.1 
2 12.577 12.811 12.347 0.23 1.8 
3 9.546 9.922 9.179 0.37 3.9 
4 9.538 9.592 9.484 0.05 0.6 
5 9.507 9.905 9.118 0.39 4.1 
Table 0-4 Bias uncertainties for the enthalpy - (With HPHX) 
Average 
EDthalpy" Enthalpy h, Enthalpy"z Bias Error" 
Station (kJ/ke·) (kJ/kg) (kJ/kg) Uncertainty (%) 
1 52.9 53.0 52.9 0.02 0.0 
2 49.6 50.2 49.0 0.59 1.2 
3 37.8 38.7 36.8 0.94 2.5 
4 37.7 37.9 37.6 0.14 0.4 
5 41.1 42.1 40.1 1.00 2.4 
+ 11 shouhl be /loled thaI bias IIncertailllies jor Stalion 3 (consisted oj illliivillllal DBT alld WBT 
sensors) were assllmell to be the sallie as Statioll 5 due to (h e jacllhat Station 5 had the highest bias 
uncertainty vallles. 
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0.1.2 Bias Uncertainty Analyses for Mass Flow Rate, Enthalpy Change Hand 
Reheat Recovery 
The following tables list the average. maXJnlUm and minimum values for all 
independent and dependent variables for the calculation of bias uncertainty of the 
enthalpy change H, reheat recovery and mass now rate, based on Ihe theory 
mentioned in Appendix L. 
Table 0-5 lists the measured air face ve locity values as well as the corrected 
average, maximum and minimum values. All other dependent variables values (with 
the exception of the mass flow rate) are also listed in Table 0-5, Table 0-6 lists the 
average, maximum and minimum mass flow rate values. Tables 0-7 lists the bias 
uncertainty value for mass flow rate, and Table 0-8 lists the values for enthalpy 
change and reheat recovery. 
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Table 0-5 Average, Maximum and Minimum Independent and Dependent 
Variables Values 
Ave. Max. 
Tri-Sense Ave. Max. Min. Ave. Ave. Max. Max. Min. Min. Vol. Vol. 
Reading Data Vel. Vel. Vel. Temp. Density Temp. Density Temp. Density FR FR 
(mi. ) mi. mi. mi. (Oe) kg/m' (0C) kg/m3 1°C ) ka/m3 m3/s m3/s 
1 2.0 1.9 2.0 1.8 22.1 1.20 22.3 1.20 22.1 1.20 0.178 0.188 
2 2.5 2.4 2.5 2.3 22 1.20 22.2 1.20 22.0 1.20 0.221 0.231 
3 2.6 2.6 2.7 2.5 21.9 1.20 22.1 1.20 21.9 1.20 0.238 0.248 
4 2.3 2.2 2.3 2.1 23.4 1.19 23.6 1.19 23.4 1.19 0.209 0.219 
5 1.0 0.9 1.0 0.8 23.6 1.19 23.8 1.19 23.6 1.19 0.085 0.094 
6 2.0 1.9 2.0 1.8 20.9 1.20 21.1 1.20 20.9 1.20 0.175 0.184 
7 2.0 1.9 2.0 1.8 21.6 1.20 21 .8 1.20 21.6 1.20 0.177 0.186 
8 2.0 1.9 2.0 1.8 22 1.20 22.2 1.20 22.0 1.20 0.179 0.189 
9 1.2 1.1 1.2 1.0 23.3 1.19 23.5 1.19 23.3 1.19 0.102 0.111 
10 0.7 0.6 0.7 0.5 23.5 1.19 23.7 1.19 23.5 1.19 0.059 0.068 
11 2.1 2.0 2.1 1.9 20.8 1.20 21 .0 1.20 20.8 1.20 0 .1 87 0.196 
12 2.0 1.9 2.0 1.8 21.5 1.20 21 .7 1.20 21.5 1.20 0 .1 81 0.191 
13 2.0 2.0 2.1 1.9 22.1 1.20 22.3 1.20 22.1 1.20 0.182 0.191 
14 1.4 1.3 1.4 1.2 23 1.19 23.2 1.19 23.0 1.19 0.119 0.128 
15 0.4 0.3 0.4 0.2 23.6 1.19 23.8 1.19 23.6 1.19 0.029 0.Q38 
16 2.1 2.0 2.1 1.9 20.9 1.20 21 .1 1.20 20.9 1.20 0.189 0. 198 
17 2.1 2.0 2.1 1.9 21.7 1.20 21.9 1.20 21.7 1.20 0.189 0. 198 
18 2.0 1.9 2.0 1.8 22.1 1.20 22.3 1.20 22.1 1.20 0.177 0.187 
19 0.7 0.6 0.7 0.5 23.1 1.19 23.3 1.19 23.1 1.19 0.052 0.062 
20 0.3 0.2 0.3 0.1 23.7 1.19 23.9 1.19 23.7 1.19 0.017 0.026 
21 2.0 1.9 2.0 1.8 20.9 1.20 21 .1 1.20 20.9 1.20 0.180 0.190 
22 2.1 2.0 2.1 1.9 21.7 1.20 21.9 1.20 21.7 1.20 0.188 0.197 
23 1.9 1.8 1.9 1.7 22.2 1.20 22.4 1.19 22.2 1.20 0.169 0.178 
24 1.3 1.2 1.3 1.1 23.2 1.19 23.4 1.19 23.2 1.19 0.111 0.120 
25 0.7 0.6 0.7 0.5 23.7 1.19 23.9 1.19 23.7 1.19 0.055 0.064 
Average 1.7 1.6 1.7 1.5 1.19 1.19 1.19 0.146 0.155 
Values 
Min. 
Vol. 
FR 
m3/s 
0.169 
0.212 
0.229 
0.200 
0.076 
0.165 
0.167 
0.170 
0.092 
0.049 
0.178 
0.172 
0.173 
0.109 
0.020 
0.179 
0.179 
0.168 
0.043 
0.007 
0.171 
0.178 
0.160 
0.102 
0.046 
0.137 
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Table 0-6 Average, Maximum and Minimum Mass Flow Rate Values 
Average Maximum Minimum 
Mass Mass Mass 
Flow Flow Flow 
Reading Rate Rate Rate 
(ko/s) (ko/s) (kg/s) 
1 0.213 0.224 0.202 
2 0.265 0.276 0.254 
3 0.285 0.296 0.274 
4 0.249 0.260 0.238 
5 0.101 0.112 0.090 
6 0.210 0.221 0.199 
7 0.211 0.222 0.200 
8 0.215 0.226 0.203 
9 0.121 0.132 0.110 
10 0.070 0.081 0.059 
11 0.224 0.235 0.213 
12 0.217 0.228 0.206 
13 0.218 0.229 0.207 
14 0.141 0.152 0.130 
15 0.034 0.045 0.023 
16 0.227 0.238 0.215 
17 0.226 0.237 0.215 
18 0.212 0.223 0.201 
19 0.062 0.073 0.051 
20 0.020 0.031 0.009 
21 0.216 0.228 0.205 
22 0.225 0.236 0.214 
23 0.202 0.213 0.191 
24 0.132 0.143 0.121 
25 0.065 0.076 0.054 
Average 0.176 0.186 0.163 
Values 
Table 0-7 Bias Uncertainties for the Mass Flow Rate 
Error 
Average Maximum Minimum Bias Mass Mass Mass Mass Uncertainty Flow Flow Flow Flow 
Rate Rate Rate Rate 
(kg/s) (kg/s) (kg/s) ('Yo) 
0.176 0.186 0.163 0.01 6.5 
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Table 0-8 Bias Uncertainties for the Enthalpy Change H and Reheat Recovery 
Average Bias Error 
Dependent Value Value t Value 2 Uncertainty (%) 
Variables 
Enthalpy 
Change (H) 15.2 14.2 16.1 0.95 6.3 
IkJ/kel 
Reheat 
Recovery 0.59 0.78 0.4 0.19 32.2 
IkWI 
0.2 Bias Uncertainty Analyses for the HVAC System without HPHX Installed 
The following sub-sections describe the bias uncertainty studies ror independent 
and dependent variables for the HVAC System without HPHX installed. 
0 .2.1 Bias Uncertainty Analyses for DBT, WBT, Humidity Ratio and Enthalpy 
Table M-9 lists the measured values for all dry-bulb and wet-bulb temperatures. 
Table M-IO lists the calculated bias uncertainty values for all dry-bulb and wet-bulb 
temperatures. Tables 0-11 and 0-12 lists the bias uncertainty values for all other 
dependent variables calculated based on the maximum and minimum dry-bulb and 
wet-bulb temperatures in Table 0-10. 
Table 0-9 Measured values for the calibrated temperature sensors - (Non-
HPHX) 
AverageDBT AverageWBT 
Station (0C) roC) 
1 20.4 18.6 
2 20.4 18.6 
3 15.1 14.7 
4 15.1 14.7 
5 15.1 14.7 
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Table 0-10 Bias uncertainties for the calibrated temperature sensors - (Non-
HPHX) 
Bias Bias 
Max Max Min Min Uncertainty Uncertainty Error Error 
DBT WBT DBT WBT Max Min DBT WBT 
Station (0C) (0C) (0C) (0C) (0C) (0C) (%) (%) 
1 20.5 18.6 20.4 18.6 0.04 0.03 0.2 0.2 
2 20.5 18.6 20.3 18.6 0.10 0.03 0.5 0.2 
3 15.5 15.3 14.7 14.1 0.40 0.57 2.6 3.9 
4 15.4 14.9 14.8 14.5 0.33 0.22 2.2 1.5 
5 15.5 15.3 14.7 14.1 0.40 0.57 2.6 3.8 
Table 0-11 Bias Uncertainties for the Humidity Ratio - (NoD-HPHX) 
Average 
Humidity Humidity Humidity 
Ratio W Ratio WI Ratio Wz Bias Error 
(g waterl kg (g waterl kg (g waterl kg Uncertainty W 
Station dry air) drvair) drvair) (%) 
1 12.511 12.536 12.485 0.03 0.2 
2 12.511 12.512 12.51 0.00 0.0 
3 10.145 10.608 9.695 0.46 4.5 
4 10.145 10.246 10.046 0.10 1.0 
5 10.145 10.604 9.699 0.45 4.5 
Table 0-12 Bias uncertainties for the enthalpy -(Non-HPHX) 
Average 
Enthalpy" Enthalpy" I Enthalpy " , Bias Error" 
Station (kJ/kg") (kJ/kg) (kJ/kg) Uncertainty (%) 
1 52.3 52.4 52.2 0.06 0.1 
2 52.3 52.3 52.3 0.00 0.0 
3 40.8 42.0 39.7 1.15 2.8 
4 40.8 41.1 40.6 0.25 0.6 
5 40.8 42.0 39.7 1.14 2.8 
+ It should be noretl that bias IIncertainties for StatiOIl 3 (collsisted of il/tfiFidliaf DBT alld WET 
sensors) were assumed to be the same as Stafiol/ 5 dlle to thefaCf that Staliol/ 5 had the highest bias 
IIncertainty \la/lies. 
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0 .2.2 Bias Uncertainty Analyses for tbe Enthalpy Change H' and Evaporator 
Pre-cooling Ratio 
The following tables list the average, maximum and mllumum values for the 
enthalpy change H' and evaporator pre-cooling ratio (EPR). 
Table 0-l3 lists the bias uncel1ainty values for the enthalpy change H', and Table 
0- 14 lists values for the EPR. 
Table 0-13 Bias Uncertainties for the Enthalpy Change H' 
Average Bias Error 
Dependent Value Value 1 Value 2 Uncertainty (%) 
Variable 
Enthalpy 
Change (H') 11.5 10.4 12.5 1.05 9.1 
IkJ/k.1 
Table 0-14 Bias Uncertainties for the Evaporator Pre-cooling Ratio (EPR) 
Dependent 
Average 
Value Value 1 Value 2 Uncertainty (%) 
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Appendix P 
Characteristics performance curves for the empirical 8-row HPHX 
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30 
Air Leaving Temperature Vs Air Entering Temperature 
at 0.205 kg/s & 70% RH for the HPHX Evaporator 
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Appendix Q 
Source code/or the empirical8-row HPHX 
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SUBROUTINE TYPE282(TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,*) 
C*********************************************************************** 
C Object : Canterbury Empirical Heat Pipe Heat Exchanger 
C IISiBat Model: TYPE282 
C Author : Yat H. Yau & Alan S. Tucker 
C Editor : Yat. H. Yau & Alan S. Tucker 
C Date: 13/2/2003 last modified: 13/2/2003 
C 
C*********************************************************************** 
***** 
C THIS ROUTINE SIMULATES THE ACTUAL EMPIRICAL PERFORMANCE FOR AN 
C 8-ROW HPHX, GIVEN ENTERING DRY BULB TEMPERATURES (C) FOR CONDENSER AND 
C EVAPORATOR, ENTERING HUMIDITY RATIO (g/kgdry air) AND RH (%). THE 
C COMPONENT MUST BE RUN WITH A FAN AT 1.53 MA 3/S (3250 CFM) 
C*********************************************************************** 
C (Comments and routine interface generated by IISiBat 3) 
C*********************************************************************** 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,ND,NO 
PARAMETER (NI=5,NP=O,NO=5,ND=0) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR,TIME 
DIMENSION XIN(NI) ,OUT(NO) ,PAR(NP),INFO(15) 
CHARACTER*3 YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 282 VARIABLES 
***************************************************** 
REAL EDBT,ERH,LDBT,LWBT,DELTADBT,EHR,LHR 
REAL EOONHR,ECONDBT,LCONHR,LCONDBT 
C----------------------------------------------------------------------
c 
C 
CHECK THAT 
C 
AND DERIVS 
c 
IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF (INFO(7) .GE.O} GO TO 100 
FIRST CALL OF SIMULATION, CALL THE TYPECK SUBROUTINE TO 
THE 
USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS, PARAMETERS , 
INFO(6)=NO 
INFO(9)=1 
CALL TYPECK(l,INFO,NI,NP,ND) 
SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'TEl', 'DM1', 'DMl', 'TEl', 'DMl'/ 
DATA OCHECK/'TEl', 'TEl', 'DMl', 'TEl', 'DMl'/ 
CALL RCHECK(INFO,YCHECK,OCHECK) 
RETURN 1 
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c END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C----------------------------------------------------- -----------------
C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
100 CONTINUE 
1 EDBT:XIN(l) 
ERH:XIN(2) 
ECONHR",XIN (3) 
ECONDBT:XIN(4) 
EHR:XIN(5) 
C Compute Leaving Dry Bulb and Wet Bulb Temperatures in Celsius 
C for the HPHX evaporator 
IF(ERH.GE.O .AND. ERH.LE.50) THEN 
LDBT=0.883S*EDBT-S.0474 
LWBT=1.0553*EDBT-3.7856 
ELSEIF(ERH.GT.50 .AND. ERH . LE.60) THEN 
LDBT=1.0151*EDBT-7.4390 
LWBT=1 .0985*EDBT-4.2977 
ELSEIF(ERH.GT.60 .AND. ERH.LE.70) THEN 
LDBT=1 .0853*EDBT-7.6254 
LWBT=1 .0946*EDBT-3 .6892 
ELSEIF(ERH.GT.70 .AND. ERH . LE.IOO) THEN 
LDBT:0 .9848*EDBT-2.8470 
LWBT=1 .0501*EDBT-2 .1681 
ENDIF 
C Compute Leaving Dry Bulb in Celsius and humidity ratio (g/kgdryair) 
C for the HPHX condenser. Please note that the below equations are 
C valid based on the assumption that the 8-row HPHX is nearly a 100% 
C energy efficient HX as proven in the earlier experimental study. 
DELTADBT=EDBT-LDBT 
LCONHR:ECONHR 
LCONDBT=DELTADBT+ECONDBT 
C Compute Leaving Humidity Ratio (g/kgdryair) for HPHX Evaporator 
LHR=EHR 
C SET THE OUTPUTS 
OUT(l)=LDBT 
OUT(2)=LWBT 
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01JI'(3) - LCONHR 
OlJI'(4) _LCONDBT 
01JI'(S) .. LHR 
RETURN 1 
END 
AppendillQ 
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Appendix R 
Steelfort coil performance characteristics obtained using the S&P coil 
selection software 
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12.7 -17.7 Celsius 
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Entering Wet-Bulb Temperature (Celsius) 
The CWC# perfonnance for nominal conditions at 20°C, 50% 
RH, 2.0 m/s & actual EDBT at 12.7-17.7 °C. 
Chilled Water Coil Performance For nominal conditions at 20 C. 80% RH. 2.0 m/s & actual EDBT at 
16.2-17.3 Celsius 
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Entering Wet·Bulb Temperature (Celsius) 
The CWC# perfonnance for nominal conditions at 20°C, 80% 
RH, 2.0 m/s & actual EDBT at 16.2-17.3 0c. 
# The chi lled water flow rate and inlet temperature are 0.38 Lis and 6 °C respectively. 
18.0 
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Chilled Water Coil Performance For nominal conditions at 32 C. 50% RH. 2.0 mrs & actual EDBT at 
19.7-24.0 Celsius 
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Entering Wet·Bulb Temperature (Celsius) 
The CWC# performance for nominal conditions at 32°C, 50% 
RH, 2.0 rn/s & actual EDBT at 19.7-24.0 °C. 
Chilled Water Coil Performance For nominal conditions at 32 C. 80% RH. 2.0 mrs & actual EDBT at 
27.4-28.5 Celsius 
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Entering Wet-Bulb Temperature (Celsius) 
The CWC# performance for nominal conditions at 32°C, 80% 
RH, 2.0 rn/s & actual EDBT at 27.4-28.5 °C. 
# The chilled water flow rate and inlet temperature are 0.38 Lis and 6 °C respectively. 
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Chilled Water Coil Performance For nominal conditions at 20 C. 50% RH. 2.0 mls & actual EDBT at 19· 
21 Celsius 
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Entering Wet-Bulb Temperature (Celsius) 
The CWC# performance for nominal conditions at 20°C, 
50% RH, 2.0 m/s & actual EDBT at 19-21 °c. 
16.0 
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Entering Wet·Bulb Temperature (Celsius) 
The CWC+ performance for nominal conditions at 20°C, 80% 
RH, 2.0 m/s & actual EDBT at 20-22 0c. 
# The chilled water flow rate and inlet temperature are 0.38 LIs and 6 °C respectively. 
+ The chilled water flow rate and inlet temperature are 0.36 LIs and 6 °C respectively. 
397 
Ph.D. Thesis Appendix R 
Chilled Water Coil Performance For nominal conditions at 32 C. 50% RH. 2.0 m/s 8. actual EDBT at 
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Fig. R-7 The CWC# performance for nominal conditions at 32°C, 
50% RH, 2.0 mls & actual EDBT at 31°C. 
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Entering Wet-Bulb Temperature (Celsius) 
The CWC# performance for nominal conditions at 32°C, 
50% RH, 2.0 mls & actual EDBT at 31.5 0c. 
# The chilled water flow rate and inlet temperature are 0.38 Lis and 6 °C respectively. 
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Chilled Water Coli Performance For nominal conditions at 32 C. 50% RH. 2.0 mJs & actual EDBT at 
28.0 
_ 27.0 
C/) 
:::l 
'iii 26.0 
Gi 
~ 25.0 
4> 
~ 24.0 
.... 
~ 23.0 
E 
~ 22.0 
.... 
~ 21 .0 
c: 
'~ 20.0 
4> 
-I 19.0 
18.0 
22.0 
Fig. R-9 
32 Celsius 
I 
I 
...... 
y = 0.064441- 2.38884x + 45.75369 I 
.....0 
-----
-
~LDBT(C) 
~LWBT(C) 
- Po~ (LDBT (C)) 
Y = 0.072691- 2.37461 x + 35.60376 
- Po~ (LWBT (Cll 
22.5 23.0 23.5 24.0 24.5 
Entering Wet-Bulb Temperature (Celsius) 
The CWC# perfonnance for nominal conditions at 32°C, 
50% RH, 2,0 mls & actual EDBT at 32°C. 
25 .0 
Chilled Water Coli Performance For nominal conditions at 32 C, 80% RH. 2.0 m/s & actual EDBT at 
31.5 Celsius 
30.0 
_ 29.5 
C/) 
:::l 
'iii 29.0 
Gi 
~ 28,5 
~ 
~ 28.0 
.... 
~ 27.5 
S 
~ 27,0 
.... 
:;;: 
Cl 26 ,5 
c: 
'~ 26.0 
4> 
-I 25.5 
y - 0.002991 + O,20722x + 20.16935 
.... 
~ 
~ 
~ 
.... 
r1 
~ 
~LDBT(C) 
~LWBT(C) 
- Po~ (LDBT (Cll 
25.0 
27.0 
Y = O,00896x2 + O,62166x + 1,60805 
- Po~. (LWBT (C)) 
Fig, R-lO 
27.5 28.0 28.5 29 ,0 29 ,5 
Entering Wet-Bulb Temperature (Celsius) 
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# The chilled water flow rate and inlet temperature are 0.38 LIs and 6 °C respectively, 
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Chilled Water Coil Performance For nominal conditions at 32 C. 80% RH. 2.0 mts & actual EDBT at 
32 Celsius 
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Chilled Water Coil Performance For nominal conditions at 32 C. 80% RH. 2.0 mts & actual EDBT at 
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Entering Wet-Bulb Temperature (Celsius) 
The CWC# performance for nominal conditions at 32°C, 
80% RH, 2.0 mls & actual EDBT at 32.5 DC. 
31 .0 
# The chilled water flow rate and inlet temperature are 0.38 Lis and 6 °C respectively. 
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Appendix S 
S-1 The Heat TransJer Correlations Jor the Steelfort Coil 
S-2 The Heat TransJer Correlations Jor the HPHX 
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S-J The Heat Trans/er Correlations/or the Steelfort Coil 
For Plant Steelfort- I, nominal condi tions at 20 °e, 50% RH, 2.0 mls and the actual 
EDBT at 19-2 1 'C: 
LDBT~ -0.09760xEWBfi+4.2686xEWBT-27. 7---------------------------- [S. I] 
LWBT~ -0.00f47xEWBfi+ 1.20239xEWBT-6.1---------------------------- [S.2] 
For Plant SteelfOlt- I, nominal conditions at 20 oe, 80% RH, 2.0 mls and the actua l 
EDBT at 20-22 'C: 
, 
LDBT~ -0.Of537xEWBT' + f. 74084 xEWBT-fO.3-------------------------- [S.3] 
, 
LWBT~ -0.0202f xEWBT' + 1.87453 xEWBT-12.2-------------------------- [S.4] 
For Plant Steelfort- l , nominal conditions at 32 °e, 50% RH, 2.0 mls and the actual 
EDBT at 31.0 'C: 
LDBT~ O. Of 002 xEWBfi+0.16486 xEWBT+ 16.3-------------------------- [S.5] 
LWBT~ 0.07f24 xEWBfi-2.16102 xEWBT+ 32.5--------------------------- [S.6] 
For Plant Steel fort-l , nomi nal conditions at 32 °e, 50% RH, 2.0 mls and the actual 
EDBT at 31.5 'C: 
LDBT~ 0.11493 xEWBfi-4. 72088 xEWBT + 73.5--------------------------- [S.7] 
LWBT~ 0.01781 xEWBl"+0.30146xEWBT +4.2--------------------------- [S.8] 
For Plant Steelfolt- l , nominal condi tions at 32 °e, 50% RH, 2.0 mls and the actual 
EDBT at 32.0 'C: 
LDBT~ 0.06444 xE WBfi-2. 38884 xEWBT +45.8--------------------------- [S.9] 
L WBT~ 0.07269 xEWBfi-2.37461 xEWBT+ 35.6-------------------------- [S. 10] 
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For Plant Stee l fOlt~l, nominal conditions at 32 °C, 80% RH, 2.0 m/s and the actual 
EDBT at 31.5 °c: 
LDBT~ 0.00299xEWBr'+0.20722 xEWBT+ 20.2------------------------- [S.I I] 
L WBT~ 0.00896 xEWBr' +0. 62 I 66 xEWBT + 1.6-------------------------- [S.12] 
For Plant SteelfOlt~ 1, nominal cond itions at 32 °C, 80% RH, 2.0 mls and the actual 
EDBT at 32.0 °c: 
LDBT= -0.06999 xE WBr' +4.365 27 x EWBT-39. I ------------------------- [S. 13] 
, 
LWBT= 0.02589 xEWBT' -0.381 67xEWBT+ 15.9-------------------------- [S. 14] 
For Plant Stee1foL1-1 , nominal conditions at 32 °C, 80% RH, 2.0 mls and the actual 
EDBT at 32.5 0C: 
LDBT= 0.08092 xEWBr'-4.45619 xEWBT+90.6------------------------- [S.15] 
L WBT~ 0.09222 xEWBr'-4.38031 xEWBT + 76.6------------------------- [S.16] 
For Plant Steelf0l1-2, nominal conditions at 20 °C, 50% RH, 2.0 mls and the actual 
EDBT at 12.7- 17.7 0C: 
LDBT~ -0.01 I 30xEWBr'+ 1.5 1746xEWBT-7.4-------------------------- [S .1 7] 
L WBT~ -O.00520xEWBr'+ 1.26431 xEWBT-5.6-------------------------- [S. 18] 
For Plant Steelf0l1~2, nominal conditions at 20 °C, 80% RJ-I, 2.0 mls and the actual 
EDBT at 16.2- 17.3 °c: 
LDBT~ O. I 8534xEWBr'-5.19044 xEWBT +48.7-------------------------- [S.19] 
L WBT= 0.35523 xE WBr' -I O. 78167 xE WBT +94.4------------------------ [S.20] 
For Plant Steel fort~2, nominal conditions at 32 °C, 50% RH, 2.0 m/s and the actua l 
EDBT at 19.7-24.0 °c: 
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LDBT= -0.00279xEWBT+ 1.21340 xEWBT-5.4-------------------------- [S.2 1] 
LWBT= -0.00087xEWBT + 1.14617 xEWBT-5.3------------------------- [S.22] 
For Plant Steelfort·2, nominal conditions at 32 °C, 80% RH. 2.0 m1s and the actual 
EDBT at 19.7-24.0 ' C: 
LDBT= 0.01663 xEWBT+0. 13158 xEWBT+9. 7-------------------------- [S.23] 
LWBT= 0.01663 xEWBT+0.13158 xEWBT +9.3-------------------------- [S.24] 
S-2 The Heat Trallsfer Correlatiollsfor the HPH)( 
For ERH greater than or equal to 0% and less than or equal to 50%: 
LD B T,= O. 8835 x ED B T,-5. 0474 ---------------------------------------------------- [S. 2 5] 
L WBT,= 1.0553 xEDBT,-3. 7856---------------------------------------------------- [S.26] 
For ERH greater than 50010 and less than or equal to 60%: 
LDBT,= 1.0151 xEDBT,-7. 4390---------------------------------------------------- [S.27] 
L WBT,= I. 0985 xEDBT,-4.2977 ---------------------------------------------------- [S.28] 
For ERH greater than 60% and less than or equal to 70%: 
LD BT, = I. 0853 xED BT,-7. 62 54---------------------------------------------------- [S.29] 
L WB T,= 1. 0946 x ED BT,-3. 6892-------------- -------------------- -- ---------------- [S. 30] 
For ERH greater than 70% and less than or equal to 100%: 
LDBT,= 0.9848 xEDBT,-2.84 70---------------------------------------------------- [S.3 1] 
L WBT,= 1.050 1 xEDBT,-2.1681---------------------------------------------------- [S.32] 
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Appendix T 
Characteristics performance curves and expressions for the hot water coil, 
forward curvedfan (Trane FC3l5) and chilled water coit 
+ It should be noted that only the peliormance characteristic curves for the ewe for 
chilled waterflow rate at J .60 Us are presented in hoth graph and expression forms. 
The peliormance characteristics for otherjlow rates (i.e. 0.77 Lis, 0.82 Lis, 0.88 Lis, 
0.93 Lis, 1.05 Lis and 1.32 Lis) are presented in the form of expressions. 
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Trane 0704 Hot Water Coil Performance for Airflow at 1.53 m3/s 
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y = 0.00131)(2 ·0.05522)( + 0.81244 
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Entering Dry-Bulb Temperature (Celsius) 
The leaving dry-bulb temperature as a function of the entering dry-bulb 
temperature for the Trane 0704 HWC; water entering temperature and water 
temperature difference are at 80°C and 10-11 °C respectively; flow rate is 
ranging from 0.24 to 0.48 Lis. 
Trane 0704 Hot Water Coil Performance for Airflow at 1.53 m3/s 
--+-TCAP - Poly. (TCAP) 
~ 200 +-------.~---------------1=~=====l 
..:.:: 
~ 
~ 15 .0 +-------------------~~------------------------------------~ 
a. 
II! 
U 
C) 
~ 10 .0 +-----------------------------~~--------------------------~ 
II! 
4.> 
:I: 
(ij 
1-
0 5 .0 +-----------~3~------~2~------------------~~----------------~ 
y= -0 .00062x + 0.03336x -2 .31110x + 3S.00557 
00 +----.-----r---,..-----r- ----r---.----....-----, 
6.0 
Fig. T-2 
so 10.0 12.0 14.0 16.0 18.0 20 .0 22 .0 
Entering Dry-Bulb Temperature (Celsius ) 
Total heating capacity as a function of the entering dry-bulb temperature for the 
Trane 0704 HWC; water entering temperature and water temperature difference are 
at 80°C and 10-11 °C respectively; flow rate is ranging from 0.24 to 0.48 LIs. 
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Trane 0704 Hot Water Coil Perfonnance for Airflow at 1.53 m'{s 
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The air pressure drop as a function of the entering dry-bulb temperature for the 
Trane 0704 HWC; water entering temperature and water temperature difference 
are at 80°C and 10-1 1 °c respectively; flow rate is ranging from 0.24 to 0.48 Lis. 
Trane 0704 Hot Water Coil Performance for Airflow at 1.53 m~{s 
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The hot water fl ow rate as a function of the enteri ng dry-bulb temperature 
for the Trane 0704 HWC; waler entering temperature and water temperature 
difference are at 80°C and 10-11 °c respectively; flow rate is ranging from 
0.24 to 0.48 Lis. 
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Trane 0704 Forward Curved Fan FC315 Performance 
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Speed as a function of the external static pressure for the Trane 0704 
Forward Curved Fan FC 315 at 1.53 rn3/s airflow rate. 
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Trane 0704 Chilled Water Coil Performance For Inlet RH at 30% 
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The leaving dry-bulb temperature as a function of the entering dry-bulb 
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chilled water fl ow rate at 1.60 Lis. 
Trane 0704 Chilled Water Coil Performance For Inlet RH at 30% 
0 
~ y = 003568x2 + 0 .07336x + 5. 0677 6 
0 40 
u 
... 
'" 30 .... (\I 
~ 
"0 20 
'" 
.-
£. 
U 10 
0 
y = 1.45680x - 7 .57022 
--SCAP 
~TCAP 
-Linear (SCAP) 
- Pol TCAP 
40 
5 10 15 20 25 30 35 40 
Fig. T-8 
Entering Dry-Bulb Temperature (Celsius) 
The chilled water coil load as a function of the entering dry-bulb temperature 
for the Trane 0704 Chill ed Water Coi l - Inlet RH at 30% and chilled water 
fl ow rate at 1 .60 Lis. 
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Fig. T-9 The air pressure drop as a function of the entering dry-bulb temperature 
for the Trane 0704 Chilled Water Coil - Inlet RH at 30% and chilled 
water flow rate at 1.60 Lis. 
Trane 0704 Chilled Water Coil Performance For Inlet RH at 40% 
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Trane 0704 Chilled Water Coil Pe.rformance For Inlet RH at 40% 
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The chi lled water coil load as a function of the entering dry-bulb 
temperature for the Trane 0704 Chilled Water Coil - Inlet RH at 
40% and chilled water flow rate at 1.60 Lis. 
Trane 0704 Chilled Water Coil Performance For Inlet RH at 40% 
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The air pressure drop as a function of the entering dry-bulb 
temperature for the Trane 0704 Chilled Water Coi l - Inlet RH at 40% 
and chilled water flow rate at 1.60 Lis. 
34 
411 
Ph.D. Thesis Appendix T 
Trane 0704 Chilled Water Coil Performance For Inlet RH at 50% 
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Fig. T-13 The leaving dry-bulb temperature as a function of the entering dry-bulb 
temperature for the Trane 0704 Chilled Water Coil - Inlet RH at 50% and 
chilled water flow rate at 1.60 Lis. 
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The chilled water coil load as a function of the entering dry-bulb temperature 
for the Trane 0704 Chilled Water Coil- Inlet RH at 50% and chilled water 
flow rate at 1.60 Lis. 
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Trane 0704 Chilled Water Coil Perfonnance For Inlet RH at 50% 
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The air pressure drop as a function of the entering dry-bulb temperature 
for the Trane 0704 Chi lled Water Coil - Inlet RH at 50% and chilled 
water flow rate at 1 .60 Lis. 
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Fig.T-18 The air pressure drop as a function of the entering dry-bulb temperature 
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water flow rate at 1.60 Lis. 
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Trane 0704 Chilled Water Coil Performance For Inlet RH at 70% 
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The leaving dry-bulb temperature as a function of the entering dry-
bulb temperature for the Trane 0704 Chilled Water Coil - Inlet RH 
at 70% and chilled water flow rate at 1.60 Lis. 
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Trane 0704 Chilled Water Coil Performance For Inlet RH at 70% 
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Fig. T-21 The air pressure drop as a function of the entering dry-bulb temperature 
for the Trane 0704 Chilled Water Coi l - Inlet RH at 70% and chilled 
water flow rate at 1.60 Lis. 
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Trane 0704 Chilled Water Coil Performance For Inlet RH at 80% 
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Trane 0704 Chilled Water Coil Perfonnance For Inlet RH at 90% 
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T.l The Heat Transfer Correlations for the Trane CWC; Water Flow Rate at 0.77 
LIs and Airflow Rate at 1.53 m3/s . 
For inlet air conditions at ERR ~30% RH, 2.0 m/s and the chilled water flow rate at 
0.77 Us: 
LDBT~ 0.0001 I xEDBr+0.31 202 xEDBT+4.5--------------------------------- [T.l] 
L WBT~ 0.00384 xEDBr +0.34703 xEDBT- I .9---------------------------------- [T.2] 
SCA p~ 1. 2948 xED B T-8. 8-------------------------------------------------------- - [T. 3] 
TCA p~ 0.0093 I xEDBr +0.84849 xEDBT-3.8---------------------------------- [TA] 
For in let air conditions at 30% RH < ERR ~40% RH, 2.0 ruls and the chilled water 
flow rate at 0.77 Us: 
, 
LDBT~ 0.00741 xEDBY" -0.01903 xEDBT + 7.4 --------------------------------- [T.5] 
L WBT~ 0.0037 xEDBr +0.4248 xEDBT-1.6------------------------------------- [T.6] 
SCAP~ I. 18543 xEDBT-6.6--------------------------------------------------------- [T.?] 
TCAP~ 0.01759 xEDBr +0.5 3023 xEDBT-O. 8----------------------------------- [T.8] 
For inlet air conditions at 40% RH < ERR ~50% RH, 2.0 m/s and the chilled water 
flow rate at 0.77 Us: 
LDBT~ 0.0121 xEDBr-0.064J7xEDBT+ 7.4 ---------------------------------- [T.9] 
LWBT~ 0.00285 xEDBr+0.50875 xEDBT-I.3-------------------------------- [T.l 0] 
SCAP~ 0.81 96xEDBT +0.4------------------------------------------------------- [T.ll] 
TCAP~ 0.02666 xEDBr +0.27055 xEDBT-O. 9--------------------------------- [T.12] 
For inlet air conditions at 50% RH < ERR ~60% RH, 2.0 mfs and the chilled water 
flow rate at 0.77 Us: 
LDBT~ 0.00757xEDBr+0.28005 xEDBT+ 3.0------------------------------- [T.13] 
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, 
LWBT= 0.00497 xEDBT'+0.43839 xEDBT +0.6-------------------------------- [T. 14] 
SCAP= 0.6282 xEDBT + 3.1-------------------------------------------------------- [T.1 5] 
TCAP= 0.02767 xEDBT'+0.43149 xEDBT-2.0------------------------- -------- [T.16] 
For inlet air conditions at 60% RH < ERH 570% RH, 2.0 mls and the chilled water 
flow rate at 0.77 Us: 
LDBT= 0.00548 xEDBT' +0.45467 xEDBT+ 1.3 ------------------------------- [T.17] 
LWBT= 0.00563 xEDBT'+0.44601 xEDBT+ 1.4-------------------------------- [T.18] 
SCAP= 0.53186 xEDBT + 3.2------------------------------------------------------- [T. 19] 
TCAP= 0.02847 xEDBT' +0.59961 xEDBT-4.2 --------------------------------- [T.20] 
For in let air conditions at 70% RH < ERH 580% RH, 2.0 mls and the chi ll ed waler 
flow rate at 0.77 Us: 
LDBT= 0.00687 xEDBT'+0.42133 xEDBT+ 2.5 ---------------------------------[T.21] 
LWBT= 0.00702 xEDBT'+0.41353 xEDBT+2.5------ ---- ---------------------- [T.22] 
SCAP= 0.46329 xEDBT+ 2. 5 ------------------------------------------------------ [T.23] 
, 
TCAP= 0.02816 xEDBT' +0.80036xEDBT-6. 3--------------------------------- [T.24] 
For inlet air conditions at 80% RH < ERH 590% RH, 2.0 mls and the chill ed water 
flow rate at 0.77 Us: 
LDBT= 0.00694 xEDBT'+0.46414 xEDBT+ 2.5 -------------------------------- [T.25] 
L WBT= 0.00725 xEDBl' +0.4494 xEDBT +2.6---------------------------------- [T.26] 
SCAP= 0.41014 xEDBT + I. 9------------------------------------------------------- [T.27] 
TCAP= 0.0324 xEDBT'+O. 76114 xEDBIC4.8----------------------------------- [T.28] 
For inlet air cond itions at 90% RH < ERJ-I 5 100% Rl-I, 2.0 mfs and the chilled water 
flow rate at 0.77 Us : 
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, 
LDBT~ 0.00741 xEDBT'+0.46697xEDBT+ 3.2 ---------------------------- [T.29J 
L WBT~ 0.00648 xEDBr' +0.522 xEDBT +2.4-------------------------------- [T.30J 
SCA P~ 0.3672 xEDBT + I. 0---------------------------------------------------- [T.3l J 
TCA P~ 0.03518 xEDBr' +0.75703 xEDBT-3. 2------------------------------ [T.32J 
The empirical relationship between the entering dry-bulb temperature (EDBT) and the 
air pressure drop (APD) for the ewe can be represented by fo llowing correlations. Note 
that the air pressure drop is calcu lated in Pa. 
For inlet air conditions at 0% RH < ERH 530% RH, 2.0 mis, EDBT ::;32.2 °e and the 
chilled water flow rate at 0.77 Us: 
AP D ~ 133 ---------------------------------------------------------------------------- [T. 3 3 J 
For inlet air condi tions at 0% RH < ERH ~O% RH, 2.0 mis, EDBT > 32.2 °e and the 
chilled water flow rate at 0.77 Us: 
AP D~ 3.96 x ED B T-5. 6-------------------------------------------------------------- [T. 34 J 
For inlet air conditions at 30% RH < ERR ::;40% RH, 2.0 mis, EDBT ::;23.9 °e and 
the chilled water flow rate at 0.77 Us: 
A P D~ 133----------------------------------------------------------------------------- [T.3 5J 
For inlet air conditions at 30% RH < ERH ::;40% RH, 2.0 mis, EDBT > 23.9 °C and 
the chilled water flow rate at 0.77 Us: 
APD~ -0.4536 xt:'DBr' + 29.412 xEDBT-328.8---------------------------------- [T .36J 
For inlet air conditions at 40% RH < ERH ::;50% RH, 2.0 mis, EDBT ::;21.1 °C and 
the chilled water flow rate at 0.77 Us: 
AP D ~ 133 ---------------------------- ------------------------------------------------- [T. 3 7J 
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For inlet air conditions at 40% RH < ERH ~50% RH, 2.0 mis, EDBT > 21.1 °C and 
the chilled water flow rate at 0.77 Us: 
APD= -0.11 109 xEDBY+8.00743 xJ:,JJBT+ 1 5.0---------- --------------------- [T.38J 
For inlet air conditions at 50% RH < ERR 5;60% RH, 2.0 mis, EOBT S;35 .0 °C and 
the chill ed water flow rate at 0.77 Us: 
APD= -0.07504 xEDBY+5.32808 xEDBT+69. 7------------------------------- [T.39J 
For inlet air conditions at 50% RH < ERH 5;60% RH, 2.0 mis, EDBT > 35.0 °C and 
the chi lled water flow rate at 0.77 Us: 
AP D= 1 67----------------------------------------------------------------------------- [T. 40J 
For inlet air conditions at 60% RH < ERH 5;70% RH, 2.0 mis, EDBT 5;32.2 °C and 
the chilled water flow rate at 0.77 Us: 
APD= -0.05477 xEDBY+ 3.72471 xEDBT+ 105.2----------------------------- [T.41J 
For inlet air conditions at 60% RH < EIU-l S;7001o RH, 2.0 mis, EDBT > 32 .2 °C and 
the chilled water flow rate at 0.77 Us: 
AP D = 169---------------------------------------------------------------------------- [T. 4 2 J 
For inlet air conditions at 70% RH < ERH S;80% RH, 2.0 mis, EOBT S;29.4 °C and 
the chilled water flow rate at 0.77 Us: 
APD= -0.05323 xEDBY+ 3.1667 1 xEDBT+ 124. 7----------------------------- [T.43J 
For inlet air conditions at 70% RH < ERR S;80% RH, 2.0 mis, EDBT > 29.4 °C and 
the chilled water Dow rate at 0.77 Us: 
AP D = 17 3 ---------------------------------------------------------------------------- [T.44 J 
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For inleL air conditions at 80% RH < ERR 5100% RH, 2.0 mls and the chi ll ed water 
flow rate at 0.77 Us: 
AP D~ 1 7 3 ---------------------------------------------------------------------------- [T. 4 5] 
T.2 The Heat Transfer Correlations for the Trane CWC; Water Flow Rate at 0.82 
LIs and Airflow Rate at 1.53 m3/s. 
For inlet air conditions at ERH 530% RH, 2.0 mls and the chilled water flow rate at 
0.82 Us: 
LDBT~ 0.0029 xEDBY +0.14455 xEDBT +6.6--------------------------------- [T .46] 
L WBT~ 0.00433 xEDBY +0. 30825 xEDBT-1 .4-------------------------------- [T.47] 
SCAP~ 1. 3326 x ED BT-9. 2 --------------------------------------------------------- [T. 4 8] 
TCAP~ 0.00937 xEDBY +0.9 1 63 xEDBT-4.9-----------------------------------[T.49] 
For inlet air conditions at 30% RH < ERR :540% RH, 2.0 mls and the chilled water 
flow rate at 0.82 Us: 
LDBT~ 0.011 57xEDBY-0.1 941 4 xEDBT+9.8 -------------------------------- [T.50] 
L WBT~ 0.00339 xEDBY +0.4 1 89 7 xEDBT-1.4--------------------------------- [T.51] 
SCAP~ 1.22143 xEDBT-7. 1 -------------------------------------------------------- [T.52] 
TCAP~ 0.01805 xEDBY +0.59683 xEDBT-2. 0--------------------------------- [T.53] 
For inlet ai r cond itions at 40% RH < ERH 550% RH, 2.0 mls and the chilled water 
flow rate at 0.82 Us: 
LDBT~ 0.01 278xEDBY-0. 1 1448 xEDBT+8.0---------------------------------[T.54] 
L WBT~ 0.00317 xEDBY +0.47414 xEDBT-0.9-------------------------------- [1'.55] 
SCAP~ 0.8484 xEDBT +0. 1 ------------------------------------------------------ [T.56] 
TCAP~ 0.02676 xEDDY +0.37752 xEDBT-O. 9-------------------------------- [1'.57] 
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For inlet air conditions at 50% RH < ERH ::s;60% RH, 2.0 mls and the chilled water 
flow rate at 0.82 Us: 
LDBT~ 0.00844 xEDBr +0.2 I 207xEDBT+ 3.9-------------------------------- [T.S8J 
LWBT~ 0.00555 xEDBr +0. 38897 xEDBT + 1.3-------------------------------- [T.S9J 
SCAP~ O. 6648 x ED B T +2. 5 -------------------------------------------------------- [T.60J 
TCAP~ 0.0272 xEDBr+0.59 I 33 xEDBT-4.4----------------------------------- [T.6l J 
For inlet air conditions at 60% RH < ERH ::S;7001o RH, 2.0 mls and the chilled water 
flow rate at 0.82 Us: 
LDBT~ 0.00656xEDBr +0.38036 xEDBT +2.2 ------------------------------- [T.62J 
LWBT~ 0.00671 xEDBr+O.3691 3 xEDBT +2.3------------------------------- [T.63J 
SCAP~ 0.57 171 xEDBT+ 2. 6------------------------------------------------------ [T.64J 
TCAP~ 0.02708 xEDBr +0.82239 xEDBT-7.5 -------------------------------- [T.6SJ 
For inlet air conditions at 70% RH < ERR ::s;800/o RH , 2.0 mls and the chi lled water 
flow rate at 0.82 Us: 
LDBT~ 0.0074 I xEDBr+0.372 I 7xEDBT+ 3. I --------------------------------[T.66J 
L WBT~ 0.00787 xEDBr +0.35306 xEDBT +3.2------------------------------- [T.67J 
SCAP~ 0.49886 xEDBT +2. 2 ----------------------------------------------------- [T.68J 
TCAP~ 0.02669 xEDBr + 1.02917 xEDBT-9. 3--------------------------------- [T.69J 
For inlet air conditions at 80% RJ-I < ERH ::s;9001o RH, 2.0 mls and the chi ll ed water 
flow rate at 0.82 Us: 
LDBT~ 0.0091 xEDBr+0. 3378 xEDBT +4.0 ----------------------------------- [T.70J 
LWBT~ 0.00879xEDBr+O.355 I I xEDBT+ 3.7-------------------------------- [T.7 l J 
SCAP~ 0.45 xEDBT + I. 5------------------------------------------------------------ [T.72J 
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, 
TCAP~ 0.02854 xEDBT' + 1.11386xEDBT-9.2------------------------------- [T.73] 
For inlet air conditions at 90% RH < ERH :s; toO% RH, 2.0 mls and the chilled water 
flow rate at 0.82 Us: 
LDBT~ 0.00648xEDBT'+0.5004 xEDBT+ 2.6 -------------------------------- [T.74] 
, 
LWBT~ 0.00741 xEDBT' +0.46697 xEDBT+2.8------------------------------- [T.75] 
SCAP~ 0.41863 xEDBT +0. 4----------------------------------------------------- [T.76] 
, 
TCAP~ 0.02708 xEDBT' + 1.31181 xEDBT-9. 7-------------------------------- [T.77] 
The empirical relationship between the entering dry-bulb temperature CEDBT) and the 
air pressure drop CAPD) for the ewe can be represented by following cOlTelations. Note 
that the air pressure drop is calculated in Pa. 
For inlet air conditions at 0% RH < ERH :S;30% RH, 2.0 mis, EDBT S32.2 °e and the 
chilled water flow rate at 0.82 Us: 
AP D~ I 3 3 ------------------------------------------------------------- --------------- [T. 7S] 
For inlel air conditions al 0% RH < ERH :S;30% RH, 2.0 mis, EDBT> 32.2 °e and the 
chilled water flow rate at 0.82 Us: 
APD~ 1.44 xEDBT +91. 6------------------------------------------------------------ [T.79] 
For inlet air conditions at 30% RH < ERR :S;40% RH, 2.0 mis, EDBT :S;23.9 °e and 
the chi lled water flow rate at 0.82 Us: 
AP D~ 13 3 ----------------------------------------------------------------------------- [T. SO] 
For in let air conditions at 30% RH < ERH :S;40% RH, 2.0 mis, EDBT > 23.9 °e and 
the chilled water flow rate at 0.82 Us : 
, 
APD~ 0.162 xEDBT' -6. 822 xEDBT +202.6-------------------------------------- [T.Sl] 
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For inlet air conditions at 40% RH < ERH 5:50% RH, 2.0 mfs, EDST 5:2 1.1 (Ie and 
the chilled water flow rate at 0.82 Us: 
APD~ 133··················································· ..................•....... [T.82] 
For inlet air conditions at 40010 RH < ERH 5:50% RH, 2.0 mfs, EOST > 21.1 (Ie and 
the chilled water flow rate at 0.82 Us: 
APD~ ·0.11417xEDBT'+8.21486xEDBT+12.3 ...........•.•.•........•...... [T.83] 
For inlet air conditions at 50% RH < ERH 5:60% RH, 2.0 mfs, EDST ::;35.0 (Ie and 
the chi ll ed water fl ow ra te at 0.82 Us: 
APD~ ·0.08107 xEDBT'+5.67974xEDBT+65.8························ ....... [T.84] 
For inlet air conditions at 50% RH < ERH 5:60% RH, 2.0 mfs, EDBT > 35.0 °e and 
the chilled water flow rate at 0.82 Us: 
APD~ 166··················································· .......................... [T.8S] 
For inlet air condi tions at 60% RJl < ERH 5:70% RH, 2.0 mis, EOBT 5:32.2 °e and 
the chi ll ed water flow rate at 0.82 Us: 
APD~ ·0.06094 xEDBT'+4.08814 xEDBT + 100.9······························ [T.86] 
For inlet air conditions at 60010 RH < ERH 5:70% RH, 2.0 mfs, EDBT > 32.2 °e and 
the chi ll ed water flow rate at 0.82 Us: 
APD~ 170··················································· .....•...•..........•.... [T.87] 
For inlet air conditions at 70010 RH < ERH 5:80% RH, 2.0 m/s. EOBT 5:21. 1 °e and 
the chilled water flow rate at 0.82 Us: 
APD~ ·0.1296xEDBT' +6.192 xEDBT+96.0···································· [T.88] 
For inlet air conditions at 70% RH < ERH 5:80% RH. 2.0 m/s, EDBT > 21.1 °e and 
the chilled water flow rate at 0.82 Us: 
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AP D~ 17 3 ---------------------------------------------------------------------------- [T. 89] 
For inlet air conditions at 80% RH < ERH :5100% RH, 2.0 mls and the ch illed water 
flow rate at 0.82 Us: 
A P D~ 17 3 ---------------------------------------------------------------------------- [T .90 J 
T.3 The Heat Transfer Correlations for the Trane ewc; Water Flow Rate at 0.88 
LIs and Airflow Rate at 1.53 m3/s . 
For inlet air condi tions at ERH :530% RH, 2.0 mls and the chilled water flow rate at 
0.88 Us: 
LDBT~ 0.00412 xEDB1" +0.07167 xEDBT + 7. 2-------------------------------- [T.9 t J 
L WBT~ 0.00398 xEDB1" +0.31675 xEDBT-I.5--------------------------------- [T.92J 
SCAP~ I . 3452 xED BT-8. 9----------------------------------------------------------[T. 93 J 
TCAP~ 0.01128 xEDB1" +0. 86977 xEDBT-4.2----------------------------------[T .94 J 
For inlet air conditions at 30% RH < ERH :540% RH, 2.0 mls and the chi lled water 
flow rate at 0.88 Us: 
LDBT~ 0.01389 xEDB1" -0. 311 l4 x EDB T+ 1 0.9 ------------------------------- [T.95J 
L WBT~ 0.00339 x EDB1" +0.40869 xEDBT-I. 4---------------------------------- [T.96J 
SCAP~ 1.23171 xEDBT-6. 7 -------------------------------------------------------- [T.97J 
TCAP~ 0.02129xEDB1"+0.51274 xJ:.1JBT-I.I---------------------------------- [T.98J 
For inlet ai r conditions at 40% RH < ERH :550% RH, 2.0 mls and the chilled water 
flow rate at 0.88 Us: 
LDBT~ 0.01237xEDB1"-0.1 0298xEDBT+ 7.7--------------------------------- [T.99J 
L WBT~ 0.0032 xEDB1"+0.45704 xEDBT-O. 7--------------------------------- [T. t OOJ 
SCAP~ 0.864 xEDBT +0. 3-------------------------------------------------------- [T. t 0 t J 
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TeAP~ 0.02941 xEDB1'+0.34834 xEDBT-O. 7-------------------------------- [T.I02] 
For inlet air cond itions at 50% RH < ERH s:60% RH , 2.0 mls and the chi lled water 
flow rate at 0.88 Us: 
LDBT~ 0.00833 xEDB1' +0.20846 xEDBT +3.8------------------------------- [T. I 03] 
LWl!T~ 0.00565 xEDB1'+0.36514 xEDBT+ 1.5------------------------------- [T. I 04] 
seAP~ 0.6912 xEDBT + 2. 4------------------------------------------------------- [T . I 05] 
TCAP~ 0.02884 xEDB1'+0.63401 xEDBT-5.1-------------------------------- [T.I 06] 
For inlet air condi tions at 60% RH < ERH s:70% RH. 2.0 mls and the chilled water 
flow rate at 0.88 Us: 
LDBT~ 0.00687xEDBT'+0.34333 xEDBT+2.6 ------------------------------ [T. 107] 
LWl!T~ 0.00741 xEDBT'+0.31903 xEDBT+2.9------------------------------- [f. I 08] 
seAP~ 0.60857 xEDBT + 2.3------------------------------------------------------ [T.I 09] 
TeAP~ 0.02862 xEDB1'+0.88667 xEDBT-8.3-------------------------------- [T.IIO] 
For inlet air conditions at 70% RH < ERH s:80% RH, 2.0 mls and the chilled water 
flow rate at 0.88 Us: 
LDBT~ 0.00802 xEDB1' +0. 32897 xEDBT+ 3.5 -------------------------------[T.III] 
L Wl!T~ 0.00779 x EDB l' +0. 34196 xEDBT +3.2------------------------------- [f. I 12] 
seA P~ 0.53143 xEDBT + 2. 0------------------------------------------------------ [T. 113] 
TeAP~ O. 02877 xEDB1'+ 1.07944 xEDBT-9.9-------------------------------- [T. 114] 
For inlet air conditions at 80% RH < ERH s:90% RH. 2.0 mls and the chilled water 
flow rate at 0.88 Us; 
, 
LDBT~ 0.00879 xEDBT'+0.33197xEDBT +3.9 ------------------------------ [T.1 15] 
, 
L WBT~ 0.0091 xEDBT'+0.32494 xEDBT +3.9-------------------------------- [T. 116] 
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SCAP~ 0.48214 xEDBT + 1.4--------------------------------------------------- [T.117] 
TCAP~ 0.03086xEDBr+ 1.16143 xEDBT-9. 7------------------------------ [T.1 18] 
For inlet air conditions at 90% RH < ERR ::;:100% RH, 2.0 mls and the chilled water 
flow rate at 0.88 Us: 
, 
LDBT~ 0.00833 xEDB1" +0.40474 xEDBT+ 3.5----------------------------- [T .11 9] 
, 
L WBT~ 0.00648 xEDB1" +0. 486 xEDBT +2.6-------------------------------- [T .120] 
SCAP~ 0.44949 xEDBT +0. 4--------------------------------------------------- [T.121] 
TCAP~ 0.02916 xEDBr + 1.37546 xEDBT-1 0.2----------------------------- [T .122] 
The empirical relationship between the entering dry-bulb temperature (EDBT) and the 
air pressure drop (APD) for the ewe can be represented by fo llowing correlations. Note 
that the air pressure drop is calculated in Pa. 
For inlet air conditions at 0% RH < ERH ::;:30% RH, 2.0 mis, EDBT::S;35.0°C and the 
chill ed water flow rate at 0.88 Us: 
APD~ 1 33 --------------------------------------------------------------------------- [T. 123] 
For inlet air conditions at 0% RH < ERH ::s;30% RH, 2 .0 mis, EDBT > 35.0 °c and the 
chilled water flow rate at 0.88 Us: 
APD~ 1.08 xEDBT + 1 06.2--------------------------------------------------------- [T. 124] 
For inlet air conditions at 30% RH < ERH ::S;40% RH, 2.0 mis, EDBT ::S;23.9 PC and 
the chilled water flow rate at 0.88 Us: 
AP D~ 13 3---------------------------------------------------------------------------- [T .125] 
For inlet air conditions at 30% RH < ERR ::S;40% RH, 2.0 mIs, EDBT > 23.9 PC and 
the chilled water flow rate at 0.88 Us: 
APD~ -0.1296 xEDBr +9.432 xEDBT-18.4------------------------------------ [T.126] 
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For inlet air conditions at 40% RH < ERH 550% RH, 2.0 mis, EOBT 52 1.1 °C and 
the ch illed water now rate at 0.88 Us: 
APD~ 133---------------------------------------------------------------------------- [T.127] 
For inlet air conditions at 40010 RH < ERH 550% RH, 2.0 mis, EOBT > 2 1.1 °C and 
the ch illed water flow rate at 0.88 Us: 
APD~ -0.13114 xEDBT'+9.25286xEDBT-I .6--- ----------------- ------------- [T. 128] 
For inlet air conditions at 50% RH < ERH 560% RH, 2.0 mis, EOBT :::35.0 °C and 
the ch illed water flow rate at 0.88 Us: 
APD~ -0.08921 xEDBT'+6.11361 xEDBT +61. 7------------------------------ [T. 129] 
For inlet air conditions at 50010 RH < ERH :::60% RH, 2.0 mis, EOBT > 35.0 °C and 
the ch illed water flow rate at 0.88 Us: 
AP D~ 167----------------------------------------------------------------------------[T.130] 
For inlet air condi tions at 60% RH < ERH ::;:70% RH, 2.0 mis, EOBT ::;:32.2 °C and 
the ch illed water flow rate at 0.88 Us: 
APD~ -0.07097 xEDBT'+4.57371 xEDBT+96.4----------------------- ------- [T.13 1] 
For inlet air conditions at 600/0 RH < ERH ::;:70% RH, 2.0 mis, EDBT > 32.2 °C and 
the ch illed water flow rate at 0.88 Us: 
AP D~ 170------------------------------------------------------------------ ---------- [T. 132] 
For inlet air conditions at 70% RH < ERH 580% RH, 2.0 mis, EDBT :::;2 1.1 °C and 
the chi ll ed water Cl aw rate at 0.88 Us: 
APD~ -0.1296xEDBT'+6.192 xEDBT +97.0------------------ --- ------------- [T.133] 
For inlet air conditions at 70010 RH < ERH :::;80% RH, 2.0 mis, EDBT > 21. 1 °C and 
the chi ll ed water fl ow rate at 0.88 Us: 
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APD~ 17 3---------------------------- ------------------------------------------------ [T. 134] 
For inlet air conditions at 80% RH < ERH 5100% RH, 2.0 mls and the chilled water 
flow rate at 0.88 Us: 
AP D ~ 1 73 ---------------------------------------------------------------------------- [T .13 5] 
T.4 The Heat Transfer Correlations for the Trane CWC; Water Flow Rate at 0.93 
LIs and Airflow Rate at 1.53 m3/s . 
For inlet air conditions at ERH 530% RH, 2.0 mls and the chilled wa ter flow rate at 
0.93 Us: 
LDBT~ 0.00589 xEDBT' -0.02618 xEDBT +8.2-------------------------------- [T.136] 
LWBT~ 0.00345 xEDBT'+0.33798 xEDBT-1.8-------------------------------- [T.137] 
seA p~ 1.35480 XEDBT-8. 6------------------------------------------------------ [T.138] 
TeAP~ 0.01328xEDBT'+0.80419xEDBT-3.3-------------------------------- [T. 139] 
For inlet ai r condi tions at 30% RH < ERH 540% RH, 2.0 mls and the chilled water 
flow rate at 0.93 Us: 
, 
LDBT~ 0.01389xEDB7" -0.31886xEDBT+ 1 0.9 ----------------------------- [T.140] 
L WBT~ -0.00491 xEDBT'+O. 75718 xEDBT-5.0------------------------------- [T.141] 
seAP~ 1.23686 xEDBT-6. 4------------------------------------------------------- [T.142] 
TeAP~ 0.02314 xEDBT'+0.47829xEDBT-0. 7-------------------------------- [T.143] 
For inlet air conditions at 40% RH < ERH ::;50% RH, 2.0 mls and the chilled water 
flow rate at 0.93 U s: 
LDBT~ 0.01227xEDBT'-0.1 0555 xEDBT+7.6 -------------------------------- [T. 144] 
LWBT~ 0.00647xEDBT'+0.27015 x EDB T+ 1.5------------------------------- [T.145] 
seAP~ 0.8766 xEDBT +0.4------------------------------------------------------- [T.146] 
432 
Ph.D. Thesis Appcndi.\ T 
TCAP~ O. 03147xEDBT' +0. 32297 xEDBT·O. 5 .....•.•.................•.. -.• [T. 147] 
For inlet air conditions at 50% RH < ERH :::;60% RH, 2.0 mis and the chilled water 
flow rate at 0.93 Us: 
LDBT~ 0.00840xEDBT'+0.19092 xEDBT +4.0····························_·· [T. 148] 
LWBT~ 0.00585 xEDBT'+0.34506xEDBT + 1.7······························· [T.149] 
SCAP~ 0.71460 xEDBT+ 2. 3···················································_·· [T. I 50] 
, 
TCAP~ 0.03089xEDB1+0.63279 xEDBT·5.3························· ._ ....• [T. 151] 
For inlet air conditions at 60% RH < ERH :::;70% RH, 2.0 mls and the chilled water 
flow rate at 0.93 Us: 
LDBT~ 0.00741 xEDBT'+0.30617 xEDBT+ 3.0···········_···_··············- [T.152] 
L WBT= 0.00764 xEDBT' +0.28976 xEDBT +3.2·········_····················· [T. 153] 
SCAP= O. 63 729 x ED BT+ 2. 0··················· ................. _._ .• _ .. _......... [T .154 ] 
TCAP~ 0.03032xEDBT'+0.91401 xEDBT·8.8································ [T.155] 
For inlet air conditions at 70% RH < ERH :::;80% RH , 2.0 mls and the chi lled water 
flow rate at 0.93 Us: 
LDBT~ O. 00856xEDBT' +0.28839 xEDBT +3. 8································[T.156] 
LWBT~ 0.00849xEDBT' +0.291 xEDBT +3.8-·····················_··········· [T.157] 
SCAP~ 0.56014 xEDBT + 1.8 •........... _ ............••.....•............••...... [T. 158] 
TCAP~ 0.03086 xEDBT'+ 1.09371 xEDBT·1 O. 0······························· [T.159] 
For inlet air conditions at 80% RH < ERH :::;90% RH, 2.0 mis and the chilled water 
flow rate at 0.93 Us: 
LDBT~ 0.00957xEDBT2+0.28869 xEDBT+4.2 •.............•.•••..•....... [T. 160] 
LWBT= 0.01034 xEDBT2+0.24797 xEDBT+4. 7····························· [T. 161] 
433 
Ph.D. Thesis Appendix T 
SCAP~ 0.511 71 xEDBT + 1. 2------------------------------------------------------ [T. 162] 
TCAP~ 0.03317 xEDBT2+ 1.1 7814 xEDBT-9.8-------------------------------- [T.163] 
For inlet air conditions at 90% RH < ERH :=;100% RH, 2.0 mls and the chi lled water 
flow rate at 0.93 U s: 
LDBT~ 0.00741 xEDBT2+0.43097 xEDBT+ 3. I ------------------------------ [T. 164] 
LWBT~ 0.00926 xEDBT2+0.34971 xEDBT+ 3.9------------------------------ [T.165] 
SCAP~ 0.47726 xEDBT +0. 3----------------------------------------------------- [T.166] 
TCAP~ 0.03124 xEDBT2+ 1.4123 6 xEDBT-1 0.5 ------------------------------ [T. 167] 
The empirical relationship between the entering dry-bulb temperature (EDBT) and the 
air pressure drop (APO) for the ewe can be represented by fo llowing cOlTelations. Note 
that the air pressure drop is calcu lated in Pa. 
For inlet air conditions at 0% RH < ERH :S;3001o RH, 2.0 mis, EDBT 532.2 °C and the 
chilled water flow rate at 0.93 Us: 
A PD~ 133 --------------------------------------------------------------------------- [T.168] 
For inlet ai r conditions at 0% RH < ERH :=;30% RH, 2.0 mis, EDBT > 32.2 °C and the 
ch illed water flow rate at 0.93 Us: 
APD~ 1.44 xEDBT +94. 6---------------------------------------------------------- [T.169] 
For inlet air conditions at 30% RH < ERH :=;40% RH, 2.0 mis, BDBT :523.9 °C and 
the chilled water flow rate at 0.93 Us: 
APD~ 133---------------------------------------------------------------------------- [T.1 70] 
For inlet air conditions at 30% RH < ERR :540% RH, 2.0 mis, EOBT > 23.9 °e and 
the chilled water flow rate at 0.93 Us: 
APD~ -0.1944 xEDBr+ I 3.14 xEDBT-69.8------------------------------------ [T.17 1] 
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For inlet air conditions at 40010 RH < ERH :S;50% RH, 2.0 mis, EDBT s1S.3 °C and 
the ch illed water flow rate at 0.93 Us; 
AP D~ 133---------------------------------------------------------------------------- [T.I72J 
For inlet air conditions at 40% RH < ERH :S;50% RH, 2.0 mis, EDBT > 18.3 °C and 
the chilled water now rate at 0.93 Us: 
APD~ --0.07714 xEDBT'+ 5.77714 xEDBT +50.2----------------------------- [T.173J 
For inlet air conditions at 50% RH < ERH :S;60% RH, 2.0 mis, EOBT s35.0 °C and 
the chilled water flow rate at 0.93 Us: 
APD~ -0.09608 xEDBT'+6.46216 xEDBT + 58.5------------------------------ [T.174J 
For inlet air conditions at 50010 RH < ERH s600/o RH, 2.0 mis, EOBT > 35.0 °C and 
the chilled water now rate at 0.93 Us: 
APD~ 167 ------------------------- --------------------------------------------------- [T.17SJ 
For inlet air conditions at 60% RH < ERH s70% RH, 2.0 mis, EOBT :S;35 .0 °C and 
lhe chilled water flow rate at 0.93 Us: 
APD~ -0.06943 xEDBT'+4.46143 xEDBT+98.9------------------------------ [T. 176J 
For inlet air conditions at 60% RH < ERH :S;70% RH, 2.0 mis, EOBT > 35.0 °C and 
the chilled water flow rate at 0.93 Us: 
A P D~ 173---------------------------------------------------------------------------- [T. 177J 
For inlet air conditions at 70% RH < ERH :s;SOOIo RH, 2.0 mis, EOBT s21.1 °C and 
the ch illed water flow ratc at 0.93 Us: 
APD~ -0.1944 xEDBT'+8.388 xEDBT+ 79.6----------------------------------- [T. I78J 
For inlet air conditions at 70% RH < ERH :s;SO% RH, 2.0 mis, EDBT > 21.1 °C and 
the chilled water flow rate at 0.93 U s: 
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AP D~ 173---------------------------------------------------------------------------- [T.179] 
For inlet air conditions at 80% RH < ERR ::S 1 00% RH, 2.0 mls and the ch illed water 
flow rate at 0.93 Us: 
APD~ 17 3---------------------------------------------------------------------------- [T. 180] 
T.5 The Heat Transfer Correlations for the Trane ewc; Water Flow Rate at 1.05 
LIs and Airflow Rate at 1.53 rn3/s. 
For inlet air conditions at ERH ::5.30% RH, 2.0 mls and the chilled water flow rate at 
1.05 Us: 
LDBT~ 0.00847xEDBT2-0.17702 xEDBT +9.5-------------------------------- [T.181] 
LWBT~ 0.00318 xEDBT2+0.33119xEDBT-I.9-------------------------------- [T.1 82] 
SeAP~ I . 38000 xEDBT-7.9------------------------------------------------------- [T.183] 
TeAP~ 0.01889 xEDBT2+0.64297xEDBT-I.3-------------------------------- [T. 1 84] 
For inlet air conditions at 30% RH < ERH ::540% RH, 2.0 mls and the chilled water 
flow rate at 1.05 Us: 
LDBT~ 0.01497xED8T'-0.37603 xEDBT+ 10.9 -------------------------------[T.185] 
L WBT~ 0.00239 xEDBT' +0.41696 xEDBT-I. 5---------------------------------[T. 186] 
SeA P~ 1.25743 xEDBT-5. 8------------------------------------------------------- [T. 187] 
TeAP~ 0.03394 xEDBT'+0.13457xEDBT +2.9------------------------------- [T. 188] 
For inlet air conditions at 40% RH < ERH ::5.50% RH, 2.0 mls and the chilled water 
flow rate at 1.05 Us: 
LDBT~ 0.01145 xED8T'-0.09081 xEDBT+ 7.1 -------------------------------- [T. 189] 
LWBT~ 0.00345 xEDBT'+O. 38838 xEDBT+O. 1------------------------------- [T. 1 90] 
SeAP~ 0.93720 xEDBT +0.1------------------------------------------------------ [T. 191] 
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TCAP= 0.03774 xEDB1' +0.26519 xEDBT-0.5-------------------------------- [T.192] 
For inlet air conditions at 50% RH < ERH ::s;60% RH, 2.0 mls and the chilled water 
flow rate at 1.05 Us: 
LDBT= 0.00853 xEDB1'+0.14638 xEDBT+4.3------------------------------- [T. 193] 
L WBT= 0.00609 xEDB1' +0.2849 5 xEDBT+ 2.4------------------------------- [T. 194] 
SCA P= O. 78780 xEDBT + I. 7------------------------------------------------------ [T.195] 
TCAP= 0.03584 xEDB1' +0.69453 xEDBT-6. 7-------------------------------- [T.I96] 
For inlet air conditions at 60% RH < ERH ::S;70% RH, 2.0 mls and the chill ed water 
flow rate at 1.05 Us: 
LDBT= 0.00764 xEDB1' +0.24690xEDBT+ 3. 6--------------------------------[T.197] 
LWBT= 0.00795 xEDB1'+0.22959 xEDBT +3.7------------------------------- [T.198] 
SCAP= O. 72771 xEDBT +1. 2------------------------------------------------------ [T. 199] 
TCAP= 0.03572 xEDB1' +0.99073 xEDBT-1 o. 1 ------------------------------- [T.200] 
For inlet air conditions at 70% RH < ERH ::S;80% RH, 2.0 mls and the chilled water 
flow rate at 1.05 Us: 
LDBT= 0.00895 xEDB1' +0.21960 xEDBT+4. 4------------------------------- [T.20 I] 
L WBT= 0.00918 xEDBIJ +0.2 1 34 7 xEDBT +4.4------------------------------- [T .202] 
SCAP= 0.65057 xEDBT +1. 2------------------------------------------------------ [T.203] 
TCAP= 0.03603 xEDB1'+ 1.20999 xEDBT-II.4------------------------------- [T.204] 
For inlet air conditions at 80% RH < ERH ::S;90% RH, 2.0 mls and the chi ll ed water 
flow rate at t .05 Us: 
LDBT= 0.011 I 1 xEDB1'+O.J 6869 xEDBT+ 5.3 ------------------------------- [T.205] 
LWBT= 0.01065 xEDB1'+0.18951 xEDBT +5.0------------------------------- [T.206] 
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SCAP~ 0.60171 xEDBT +0. 7------------------------------------------------------ [T.207] 
TCAP~ 0.03965 xEDBr + 1.25683 xEDBT-I o. 6------------------------------- [T.208] 
For inlet air conditions at 90% RH < ERR ::;:100% RH, 2.0 mls and the chi lled water 
flow rate at 1.05 Us: 
, 
LDBT~ 0.00833 xEDBT +0.33994 xEDBT+ 3.8 ------------------------------- [T.209J 
LWBT~ 0.01018 xEDBr+0.25149xEDBT +4.8------------------------------- [T.2IO] 
SCAP~ 0.45771 xEDBT+2.8------------------------------------------------------ [T.2IIJ 
TCA P~ 0.09789 xEDBr-l. 45839 xEDBT +24.6------------------------------- [T.212] 
The empirical relationships between the entering dry-bulb temperature (EDBT) and 
the air pressure drop (APD) for following correlations can represent the CWC. Note that 
the air pressure drop is calculated in Pa. 
For inlet air conditions at 0% RH < ERH ~O% RH, 2.0 mis, EDBT$26.7 °C and the 
chilled water flow rate at 1.05 Us: 
A PD~ 133 --------------------------------------------------------------------------- [T.2 13 J 
For inlet air conditions at 0% RH < ERH ~O% RH, 2.0 mis, EDBT > 26.7 °C and the 
chilled water flow rate at 1.05 Us: 
, 
APD~ -0.2268 xEDBT+ 17.514 xEDBT-186.0--------------------------------- [T.214J 
For inlet air conditions at 30% RH < ERH ::;:40% RH, 2.0 mis, EDBT ::;:21.1 °C and 
the chilled water flow rate at 1.05 Us: 
A P D ~ 13 3---------------------------------------------------------------------------- [T .215J 
For inlet air conditions at 30% RH < ERH :::;40% RH, 2.0 mis, EDBT > 21.1 °C and 
the ch illed water flow rate at 1.05 Us: 
, 
APD~ -0.324 xEDBT+20.844 xEDBT-179.6---------------------------------- [T.216J 
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For inlet air conditions at 4oolo RH < ERJ-I ~50% RH, 2.0 mis, EDBT ~ 18.3 °C and 
the chilled water flow rate at 1.05 Us: 
APD~ 133---------------------------------------------------------------------------- [T .217] 
For inlet air conditions at 4oolo RH < ERH ~50% RH, 2.0 mis, EOBT > 18.3 °C and 
the chilled water flow rate at 1.05 Us: 
APD~ -0.07714 xEDBT'+ 5.67429 xEDBT +60.3------------------------------ [T.218] 
For inlet air conditions at 50% RH < ERH ~60% RH, 2.0 mis, EDBT ~35.0 °C and 
the chilled water flow rate at 1.05 Us: 
APD~ -0.10379xEDBT'+6.89158 xEDBT +55.5------------------------------ [T.219] 
For inlet air conditions at 5oolo RH < ERH ~60% RH, 2.0 mis, EDBT > 35.0 °C and 
the chilled water flow rate at 1.05 Us: 
AP D~ 1 73----------- -- --------- --- --------------------------------- ----------------- - (T .220] 
For inlet air conditions at 60% RH < ERH ~70% RH, 2.0 mis, EDBT ~35.0 °C and 
the chilled water flow rate at 1.05 Us: 
APD~ -0.06017xED8T'+ 3.89914 xEDBT+ 109.3----------------------------- [T.221] 
For inlet air conditions at 60% RH < ERH ~70% RH, 2.0 mis, EDBT > 35.0 °C and 
the chilled water flow rate at 1.05 Us: 
A P D ~ 173---------------------------- --------------- --------------------------------- [T .222] 
For inlet air condit ions at 70% RH < ERH ~80% RH, 2.0 mis, EDBT S21.1 °C and 
the chilled water flow rate at 1.05 Us: 
APD~ -0.1296 xEDBT' + 5.832 xEDBT +106.6--------------------------------- [T.223] 
For inlet air condi ti ons at 70% RH < ERH ~80% RH, 2.0 mis, EDBT > 21.1 °C and 
the chi ll ed water flow rate at 1.05 Us: 
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A P D ~ 17 3 ---------------------------------------------------------------------------- [T .224] 
For inlet air conditions at 80% RH < ERJ-I :5 100% RH, 2.0 mls and the chill ed water 
flow rate at 1.05 Lis: 
AP D ~ 17 3------------------------------- --------------------------------------------- [T. 225] 
T.6 Tbe Heat Transfer Correlations for the Trane CWC; Water Flow Rate at 1.32 
Lis and Airflow Rate at 1.53 m3/s. 
For inlet air conditions at ERH :530% RH, 2.0 mls and the chilled water flow rate at 
1.32 Us: 
LDBT~ 0.01031 xEDBT'-0.30082 x EDB T+ 10.5------------------------------- [T .226] 
L WBT~ 0.00139 xEDBT'+0.38734 xEDBT-2. 7-------------------------------- [T .227] 
SCAP~ 1.4286 xEDBT-7. 5-------------------------------------------------------- [T.228] 
TCAP~ 0.02981 xEDBT' +0.2 7939 xEDBT +2.9------------------------------- [T.229] 
For inlet air conditions at 30% RH < ERH :540% RH, 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
LDBT~ 0.01574xEDBT'-0.44503 xEDBT+ 11.3 -------------------------------[T.230] 
L WBT~ 0.00177 xEDBT' +0. 39416 xEDBT-I.2---------------------------------[T .23 1] 
SCAP~ 1.31529 xEDBT-5. 6------------------------------------------------------- [T.232] 
TCAP~ 0.04875 xEDBT' -0.29023 xEDBT +6.8---------------------------------[T.233] 
For inlet air conditions at 40% RH < ERH :550% RH, 2.0 mls and the chi ll ed water 
flow rate at 1.32 Us : 
, 
LDBT~ 0.00929 xEDBT' -0.03561 xEDBT+6.3 -------------------------------- [T.23 4] 
, 
L WBT~ 0.00320 xEDBT' +0.33344 xEDBT +0.8------------------------------- [T.235] 
SCAP~ I. 05060 x ED B T-I . 0-------------------------------------------------- ----- [T .23 6] 
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TCAP~ 0.04 7xEDB1' +0.21308 xEDBT-I.2----------------------------------[T.237J 
For inlet air conditions at 50% RH < ERH ~60% RH, 2.0 mls and the chi ll ed water 
flow rate at 1.32 Us : 
LDBT~ 0.00784 xEDB1'+0.11164 xEDBT+4.6 ------------------------------- [T.238J 
, 
LWBT~ 0.00697xEDBT+0.15922 xEDBT+ 3.9------------------------------- [T.239J 
SCA p~ 0.92580 x ED BT +0. 3------------------------ ------------------------ ----- - [T .240J 
TCAP~ 0.04442 xEDB1' +0.75872 xEDBT-8. 6-------------------------------- [T.241 J 
For inlet air conditions at 60% RH < ERH ::S;:70% RH, 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
LDBT~ 0.00856 xEDB1' +0.11867 xEDBT +4.9-------------------------------[T.242J 
LWBT~ 0.00903 xEDB1'+0.09613 xEDBT+ 5. 1-------------------------------[T.243J 
SCA P~ 0.88629 x ED B T- O. 4 ----------- --------------- ---------------------------- -[T. 244 J 
TCAP~ 0.04636 xEDB1' + I. 00881 xEDBT-II.I------------------------------ [T .245J 
For inlet air condi ti ons at 70% RH < ERH ~80% RH , 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
LDBT~ O. 00972 xEDB1'+O. 10431 xEDBT+5.4------------------------------- [f.246J 
L WBT~ 0.01072 xEDB1' +0.05490 xEDBT+6. 0------------------------------- [T.247J 
SCA p~ 0.80529 xEDBT-O.1 ------------------------------------------------------ [T.248J 
TCAP~ 0.04783 xEDB1'+ 1.21629 xEDBT-II.8------------------------------- [T.249J 
For inlet air conditions at 80% RH < ERH ::590% RH , 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
LDBT~ 0.01157 xEDBT2+0.063 xEDBT+6.1---------------------------------- [T.250J 
LWBT~ 0.01142 xEDBT2+0.07423 xEDBT + 5.90171-------------------------[T.25 1 J 
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seA p~ O. 75986 x ED B 1'-O. 4------------------------------------------------------ [T.2 5 2] 
1'eAP~ 0.05338 xEDB1'2+ 1.21406 xEDBT-I 0.1------------------------------ [T.253] 
For inlet air conditions at 90% RH < ERH ::;100% RH, 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
LDB1'~ 0.01088xEDBi'+0.1359 xEDB1'+ 5.7 -------------------------------- [T.254] 
L WB1'~ 0.01065 xEDBi'+0.1494 xEDBT+ 5.4-------------------------------- [T.255] 
SeAP~ O. 73749 xEDB1'-I. 2------------------------------------------------------ [T.256] 
1'eAP~ 0.05068 xEDBi'+ 1.55481 xEDB1'-II .5------------------------------ [T.257] 
The empilical relationships between the entering dry-bulb temperature CEDBT) and 
the air pressure drop CAPO) for following cOlTelations can represent the ewe. Note that 
the air pressure drop is calculated in Pa. 
For inlet air conditions at 0% RH < ERH 530% RH, 2.0 mis, EOBT-52.6.7 °e and the 
chilled water flow rate at 1.32 Us: 
AP D~ I 33 -------- ------------------------------------------------------------------- [T.2 5 8] 
For inlet a.ir conditions at 0% RR < ERH ::;30% RH, 2.0 mis, EOBT > 26.7 °e and the 
chill ed water flow rate at 1.32 Us: 
APD~ -0.0972 xEDBi' +8.2 26 xEDB1'-15. 0------------------------------------ [T.259] 
For inlet air conditions at 30% RH < ERH 540% RH, 2.0 mis, EDBT 5 2 1.1 °e and 
the ch illed water flow rate at 1.32 Us: 
AP D~ 133 ---------------------------------------------------------------------------- [T .260] 
For in let air conditions at 30% RH < ERR 5 40% RH, 2.0 mis, EDBT > 21.1 °e and 
the chilled water flow rate at 1.32 Us: 
APD~ -0.1944 xEDBi'+ 12.924 xEDB1'-54. 7--------------------------------- [T.261] 
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For inlet air conditions at 40% RH < ERH :::;50% RH, 2.0 mis, EDBT S18.3 °C and 
the chill ed water flow rate at 1.32 Us: 
AP D~ 133---------------------------------------------------------------------------- [T .262 J 
For inlet air conditions at 40% RH < ERH S:50% RH, 2.0 mis, EDBT > 18.3 °C and 
the chilled water flow rate at 1.32 Us: 
A PD~ -0.05709 xEDBT' +4. 3 7743 xEDBT +84.8------------------------------ [T.263J 
For inlet air conditions at 50% RH < ERH S:60% RH, 2.0 mis, EDBT :::;32.2 °C and 
the chilled water flow rate at 1.32 Us: 
, 
APD~ -0.20674 xEDBT'+ 1 1. 78057xEDBT +3.8------------------------------ [T.264J 
For inlet air conditions at 50% RH < ERH :::;60% RH, 2.0 mis, EDBT > 32.2 °C and 
the chilled water flow rate at 1.32 Us : 
A P D~ 1 73----------------------------------------------------------------------- ----- [T .265J 
For inlet air conditions at 60% RH < ERH S;:70% RH, 2.0 m/s, EDBT :::;21. 1 °C and 
the chilled water flow rate at 1.32 Us: 
APD~ -0.2592 xEDBT'+ 1 1.304 xEDBT+45.9--------------------------------- [T.266J 
For inlet ai r conditions at 60% RH < ERH :::;70% RH, 2.0 mis, EDBT > 21.1 °C and 
the chilled water flow rate at 1.32 Us: 
AP D~ 1 73-------- ------------------------------------- -- ---------------------------- [T. 26 7J 
For inlet air conditions at 70% RH < ERH :::;80% RH, 2.0 mIs, EDBT S 15.6 °C and 
the chilled water flow rate at 1.32 Us: 
A P D ~ 1 70--------------------------------------------------------------------------- [T. 268J 
For inlet air conditions at 70% RH < ERH s80% RH, 2.0 mis, EDBT > 15.6 °C and 
the chilled water flow rate at 1.32 Us: 
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AP D= I 73--------------------------------------------------------------------------- [T .269] 
For inlet air conditions at 80% RH < ERH 5100% RH, 2.0 mls and the chilled water 
flow rate at 1.32 Us: 
AP D= I 7 3 --------------------------------------------------------------------------- [T.2 7 0] 
T.7 The Heat Transfer Correlations for the Trane CWC; Water Flow Rate at 1.60 
LIs and Airflow Rate at 1.53 m3/s . 
For inlet air conditions at ERH 530% RH, 2.0 mls and the chilled water flow rate at 
1.60 Us: 
LDBT= 0.00972xEDBT'-0.28380 xEDBT +10.2 ------------------------------ [T.271] 
L WBT= 0.00036 xEDBT' +0.41855 xEDBT-3. 0-------------------------------- [T.272] 
SCA P= I. 45680 x ED BT-7. 6------------------------------------------------------ [T.273) 
TCAP= 0.03568 xEDBT' +0.07 336xEDBT +5.1------------------------------- [T.274) 
For inlet air conditions at 30% RH < ERH 540% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
LDBT= 0.01504 xEDBT'-0.43007xEDBT+ 11.0------------------------------- [T.275] 
L WBT= 0.00085 xEDBT'+0.41439 xEDBT-I.4-------------------------------- [T.276] 
SCAP= 1.35275 xEDBT-5.9------------------------------------------------------- [T.277] 
TCAP= 0.05662 xEDBT' -0.52 860 xEDBT +9.0-------------------------------- [T.278] 
For inlet air conditions at 40% RH < ERH 550% RH, 2.0 mis and the chi ll ed water 
flow rate at 1.60 Us: 
LDBT= 0.00821 xEDBT'-O.OI IOI xEDBT+ 5.9 -------------------------------- [T.279] 
LWBT= 0.00328 xEDBT'+0.29176xEDBT +1.4------------------------------- [T.280] 
SCAP= 1.116 xEDBT-I.8--------------------------------------------------------- [T.281] 
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TCA p~ 0.05198 xEDBT -0.1605 2 xEDBT-I.2--------------------------------- [T.282] 
For inlet air conditions at 50% RH < ERH :;:;60% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
LDBT~ 0.00788 xEDBT+0.07159 xEDBT+ 5.0 ------ ------------------------- [T.283] 
LWBT~ 0.00735 xEDBT+0.09762 xEDBT+4. 7------------------------------- [T.284] 
SCA p~ 1.0032 xEDBT-O. 7-------------------------------------------------------- [T.285] 
TCAP~ 0.04915 xEDBT+O. 76523 xEDBT-9.5-------------------------------- [T.286] 
For inlet air conditions at 60% RH < ERH :;:;70% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
LDBT~ 0.00879xEDBT+0.0654 xEDBT +5.5 -------------------------------- [T.287] 
LWBT~ 0.00941 xEDBT-0.0342 xEDBT +5.8---------------------------------- [T.288] 
SCAP~ 0.96514 xEDBT-I. 2------------------------------------------------------ [T.289] 
TCAP~ 0.05161 xEDBT + 1.00847 xEDBT-II.5------------------------------- [T.290] 
For inlet air conditions at 70% RH < ERH s80% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
LDBT~ 0.01041 xEDBT +0.03107 xEDBT+6.1 ------------------------------- [T .291] 
L WBT~ 0.01034 xEDBT +0. 03197 xEDBT+6.1------------------------------- [T.292] 
S CAP~ O. 88286 x ED B T-O. 8------------------------------ ---- --- ------------- ---- [T. 293] 
TCAP~ 0.0543 1 xEDBT+ 1.18097xEDBT- II. 8------------------------------- [T.294] 
For inlet air conditions at 80% RH < ERH :S90% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
, 
LDBT~ 0.01188 xEDBT' +0. 00454 xEDBT+6. 7 ------------------------------- [T.295] 
L WBT~ 0.01142 xEDBT+0.02794 xEDBT+6.3------------------------------- [T.296] 
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SCA p~ 0.84343 xEDBT-I.I------------------------------------------------------ [T.297] 
TCAP~ 0.05955 xEDBT'+ 1.21749xEDBT-IO.3------------------------------- [T.298] 
For inlet air conditions at 90% RH < ERH ::=;; 100% RIl , 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
LDBT~ 0.01065 xEDBT'+O.1 062 xEDBT +5.8 -------------------------------- [T.299 ] 
LWBT~ 0.0118 xEDBT'+O. 05001 xEDBT+6.4-------------------------------- [T.300] 
SCAP~ 0.82594 xEDBT-I . 9------------------------------------------------------ [T.30 1] 
TCAP~ O. 05809 xEDBT'+ 1.51779xEDBT-II.I------------------------------- [T.302] 
Also, the empirical relationship between the entering dry-bulb temperature (EDBT) 
and the air pressure drop CAPD) for the ewe can be represented by fo llowing 
correlations. Note that the air pressure drop is calculated in Pa. 
For inlet air conditions at 0% RJ-T < ERH ::=;;30% RH, 2.0 mis, EDBT'!Q6.7 °C and the 
ch illed water fl ow rate at 1.60 Us: 
AP D~ 13 3 --------------------------------------------------------------------------- [T. 3 03] 
For inlet air conditions at 0% RH < ERH ::;;30% RH, 2.0 mis, EDBT > 26.7 °C and the 
chilled water fl ow rate at 1.60 Us: 
APD~ -0.0972 xEDBT' +8.2 26 xEDBT-13. 0------------------------------------ [T.304] 
For inlet air conditions at 30% RH < ERH ::=;;40% RH, 2.0 mis, EDBT ::;;21.1 °e and 
[he chilled water flow rate at 1.60 Us: 
AP D ~ 133---------------------------- --- -------------------------------------------- [T. 3 05] 
For inlet air conditions at 30% RH < ERR ::;;40% RH, 2.0 mis, EDBT > 2 1.1 °C and 
the chi ll ed water flow rate at 1.60 Us : 
APD~ -0.1944 xEDBT'+ 12.924 xEDBT-52. 7---------------------------------- [T.306] 
446 
Ph.D. Thesis Appendix T 
For inlet air conditions at 40% RH < ERH :::;50% RH, 2.0 mis, EDBT ::: 18.3 QC and 
the chi lled water flow rate at 1.60 Us: 
A P D~ 133---------------------------- --------------------------------------------- [T. 3 07J 
For inlet air conditions at 40010 RH < ERH s50% RH, 2.0 mis, EDBT > 18.3 QC and 
the chi ll ed water flow rate at 1.60 Us: 
APD~ -0.0648 xEDBT +4.76743 xEDBT +81.9----------------------------- [T.308J 
For inlet air conditions at 50010 RH < ERH s60% RH, 2.0 mis, EOBT :::32.2 °C and 
the chill ed water flow rale at 1.60 Us: 
APD~ -0.22989 xEDBT+ 1 2.89914 xEDBT-7.6----------------------------- [T.309J 
For inlet air conditions at 50010 RH < ERH s60% RH, 2.0 mis, EDBT > 32.2 °C and 
the chilled water flow rate at 1.60 Us: 
APD~ 1 7 3--------------------------------------------------------------------------- [T.31 OJ 
For inlet air conditions at 600/0 RH < ERH :::;70% RH, 2.0 mis, EOBT S21. 1 QC and 
the chilled water flow rate at 1.60 Us: 
APD~ -0.2592 xEDBT+ 11.304 xEDBT+47.9-------------------------------- [T.31 1 J 
For inlet air conditions at 60% RH < ERR :::;70% RH, 2.0 mis, EOBT > 21.1 °C and 
the ch illed water flow rate at 1.60 Us: 
AP D~ 173--------------------------------------------------------------------------- [T .312J 
for in let air conditions at 70% RH < ERH :::;80% RH, 2.0 mis, EDBT s 15.6 °C and 
the chi ll ed water flow rate at J .60 U s: 
APD~ 1 71---------------------------------------------------------------------------- [T.3 13J 
For inlet air conditions at 70% RH < ERH :::;80010 RH, 2.0 mis, EOBT > 15.6 °C and 
the chilled water flow rate at 1.60 Us: 
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AP D~ 17 3--------------------------------------------------------------------------- [T. 314] 
For inlet air conditions at 80% RH < ERH ~ 100% RH, 2.0 mls and the chilled water 
flow rate at 1.60 Us: 
A PD~ 17 3--------------------------------------------------------------------------- [T.3 15] 
T.g The Heat Transfer Correlations for the Trane HWC; Water Flow Rate at 
0.24L/s -0.48 LIs and Airflow Rate at 1.53 m3/s. 
For the total heating capaci ty at inlet air DBT < 19.5 °C and 2.0 mls air flow rate: 
TCAPHWC~-0.00062 xEDBr'+0.03336xEDBT'-2.3111 xEDBT+ 38.0-------------- [T.3 16] 
For the total heating capacity at inlet air DBT ~ 1 9.5 °C and 2.0 mls air flow rate: 
TCAP HWC~ 0 ------------------------ --------------------------------------------------------- [T.3 17] 
For the air pressure drop (Pa) at inlet air DBT ~ 1 4.5 °C, 2.0 mis air flow rate and the 
hot water flow rate at 0.29 to 0.48 Us : 
APD~-0.13778xEDBr'+3.43047xEDBT'-28.61371 xEDBT+116.2 --------------- [T.318] 
For the air pressure drop (Pa) at in let air DBT > 14.5 °C, 2.0 mls air flow rate and the 
hot water flow rate at 0.24 to 0.28 Us: 
APD ~ 2. 5 ------------------------------------------------------------------------------------ [T.3 19] 
For the flow rate of the hot water at inlet air DBT < 19.5 °C and 2.0 mls air flow rate: 
FLO WRA TE~O. 00131 xEDBT' -0.05522 xEDBT +0.8---------------------------------- [T.320] 
For the flow rate of the hot water at inlet air DBT ~19. 5 °C and 2.0 mls air fl ow rate: 
FLO WRA TE ~ 0 ------------------------------------------------------------------------------ [T.3 2 I] 
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T.9 The Expressions for the Calculation of the Total System Pressure Drop and Fan 
Energy Consumption at 1.53 m3/s Airflow Rate. 
The total external static pressure drop (ESP) in Pa for the HV AC systems can be 
represented by the expression below. Note that the constant 548.5 Pa is the air duct 
pressure drop [75]. 
ESP~ C WCAP D + H WCA P D+ HP HXAP D + 5 4 8. 5-------------------- --- ---------------- [T.3 22J 
Where CWCAPD and HWCAPD are the ewe and HWC air pressure drop respectively, 
and the HPHXAPD is the HPHX constan t air pressure drop at 836 Pa [82, 85] for Plant E. 
Note that for Plant D, the HPH.X.APD is equal to zero. 
The Fan power (kW) can then be calculated by the expression below [75, 79]. 
E ~ O. 00284 x ESP -O. 3 ------------------------------------------------------------------------ [T.3 2 3 J 
where E is the fan power (kW). 
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Appendix U 
Source codes for the chilled water coil, hot water coil, forward 
curvedfan (Trane FC315) and HVAC system pressure drop 
calculator 
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SUBROUTINE TYPE281(TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,*) 
C*********************************************************************** 
C Object : Trane DWAA0704 AHU Hot Water Coil 
C IISiBat Model: TYP8281 
C Author: Yat H. Yau & Alan S. Tucker 
C Editor: Yat. H. Yau & Alan S. Tucker 
C Date: 12/2/2003 last modified: 12/9/2004 
C*********************************************************************** 
C THIS ROUTINE SIMULATES THE ACTUAL TEMPERATURE CONTROLLED HOT WATER 
C COIL PERFORMANCE (HWWL) FOR TRANE 0704 AHU 2-2MB , GIVEN ENTERING DRY 
C BULB TEMPERATURE (Cl. THIS COMPONENT WILL MAINTAIN A SET POINT 
C DISCHARGE AIR TEMPERATURE AT 19.5 C BY ADJUST ING ITS HEAT CAPACITY 
C US ING HOT WATER FLOW RATE. THE COMPONENT MUST BE RUN WITH A FAN AT 
C 1.53 MA 3/S (3250 CFM) 
C***************************************************** ****************** 
C (Comments and routine interface generated by IISiBat 3) 
C***************************************************** ****************** 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,ND,NO 
PARAMETER (NIc2 ,NP-0 ,NO~5 ,ND=0) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR,TIME 
DIMENSION XIN(NI) ,OUT (NO) ,PAR(NP),INFO(15) 
CHARACTER*3 YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 281 VARIABLES 
* * *"* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
REAL EDBT,LDBT,TCAP,ADP,EHR,LHR,FLOWRATE 
C----------------------------------------------------- -----------------
c IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF (INFO{?) . GE . O) GO TO 100 
C FIRST CALL OF SIMULATION, CALL THE TYPECK SUBROUTINE TO 
CHECK THAT THE 
C USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS,PARAMETERS, 
AND DERIVS 
c 
c 
INFO(6)=NO 
INFO(9)=1 
CALL TYPECK(l,INFO,NI,NP,ND) 
SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'TEI', ' DMI'/ 
DATA OCHECK/'TEI', 'PW3', ' PR3' , ' OMI', ' VF4'/ 
CALL RCHECK(INFO,YCHECK,OCHECK) 
RETURN I 
END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C----------------------------------------------------------------------
C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
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100 CONTINUE 
1 EDBT=XIN(l) 
EHR=XIN (2) 
C Compute Leaving Dry Bulb Temperature (Celsius) 
IF(EDBT.GE . 19.5)THEN 
LDBT=EDBT 
TCAP=O 
FLOWRATE=O 
GO TO 92 
ELSE 
LDBT",19.50 
ENDIF 
C Compute Total Heating Capacity (kW) 
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TCAP=~O.00062*EDBT**3+0 . 03336*EDBT**2-2.3111*EDBT+38.00557 
C Compute Hot Water Flowrate (lis) 
FLOWRATE=0.00131*EDBT**2-0.05522*EDBT+0.81244 
C Compute Air Pressure Drop (Pa) 
92 I F{EDBT.LE.14.5)THEN 
ADP=-O.13778*EDBT**3+3.43047*EDBT**2~28.61371*EDBT+116.19492 
ELSE 
ADP=2.5 
ENDIF 
C Compute Leaving Air Humidity Ratio (kg/kgdryair) 
LHR=EHR 
C SET THE OUTPUTS 
OUT(1)=LDBT 
OUT(2)=TCAP 
OUT(3) ",ADP 
OUT(4) ", LHR 
OUT(5) ",FLOWRATE 
RETURN 1 
END 
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SUBROUTINB TYPE284 (TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,*) 
C*********************************************************************** 
C Object:Trane DWAA0704 AHU Chilled Water Coil 
C IISiBat Model: TYPE284 
C Author: Yat H. Yau 
C Editor: Yat. H. Yau 
C Date: )/6/2004 last modified: 3/6/2004 
C 
C*********************************************************************** 
C THIS ROUTINE SIMULATES THE ACTUAL COOLING CAPACITY CONTROLLED CHILLED 
C WATER COIL PERFORMANCE (HWWL) FOR TRANE 0704 AHU 2-2MB, GIVEN ENTERING 
C DRY BULB TEMPERATURE (Cl, RELATIVE HUMIDITY (tl, HUMIDITY RATIO AND 
C LEAVING HUMIDITY RATIO THIS ROUTINE ALSO SIMULATES THE ACTUAL CHILLED 
C WATER FLOWRATE IN RESPONDING THE CHANGING INLET AND OUTLET CWC 
C HUMIDITY RATIO AND COIL LEAVING AIR TEMPERATURE THIS CONTROLLER WILL 
C USE A FRACTION OF THE CHILLED WATER FLOW OR FULL FLOW TO KEEP THE OFF -
C COIL HUMIDITY RATIO BELOW 0.0102 kg of water/kg of dry air. THE 
C CONTROLLER WILL USE THE FULL FLOWRATE IF THE OUTLET HR IS BEYOND 
C 0.0102 kg of water/kg of dry air OR THE LDBT IS BEYOND 19.5 C. THE 
C COMPONENT MUST BE RUN WITH A FAN AT 1.53 MA 3/S (3250 CFMl. 
C***************************************************** ****************** 
C (Comments and routine interface generated by IISiBat 3) 
C*********************************************************************** 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN , OUT 
INTEGER NI,NP,ND,NO 
PARAMETER (NI _ S,NP. 0,NO:6,ND. 0) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR,TIME 
DIMENSION XIN(NI ) ,OUT (NO) ,PAR (NP ) ,INFO {lS ) 
CHARACTER*) YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 284 VARIABLES 
***************************************************** 
REAL EDBT,ERH,EHR,LHR,LDBT,LWBT,SCAP,TCAP,APD,FLOW 
C--- -- -- ------- ---- --- ------- -- ------ -------- ------ ---------- ---- ------
c IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF ( INFO(7) .GE. O) GO TO 100 
C FIRST CALL OF SIMULATION , CALL THE TYPECK SUBROUTINE TO 
CHECK THAT THE 
C USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS,PARAMETERS, 
AND DERIVS 
c 
INFO(6}:NO 
INFO(9):1 
CALL TYPECK(l,INFO,NI,NP,ND ) 
SET THE INPUT AND OUTPUT ARRAYS 
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c 
DATA YCHECKj'TEl', 'DMl ', 'DM l ', 'DMl', 'TEl'j 
DATA OCHECKj'TEl', 'TE l ', 'PW3', 'PW3', 'PR3', 'VF4'j 
CALL RCHECK(INFO,YCHECK,OCHECKl 
RETURN 1 
END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C----------------------------------------------------------------------
C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
100 CONTINUE 
1 EDBT=XIN(l) 
ERH=XIN(2) 
EHR=XIN(3) 
LHR:XIN (4) 
LDBT:XI N(S) 
C Compute entering chilled water flowrate 
IF(LHR.GT.0.OI02 .0R. LDBT.GT . 19.S) THEN 
FLOW=O.93 
GO TO 92 
ENDIF 
IF{EHR.LE.0.0098) THEN 
FLOW=O.77 
ELSEIF(EHR.GT.O.0098 .AND. EHR.LE . 0.0111) THEN 
FLOW=0.82 
ELSEIF(EHR.GT.O.0111 .AND. EHR.LE . 0.012S) THEN 
FLOW=0.88 
ELSEIF{EHR.GT.O.012SJ THEN 
FLOW=0.93 
ENDIF 
C Compute Leaving Dry Bulb and Wet Bulb Temperatures in Celsius 
C Compute Sensible and Total Chilled Water Coil Load in kW 
92 IF(FLOW.EQ.O.77) THEN 
IF(ERH.LE.30) THEN 
LDBT=O.OOOll*EDBT**2+0.31202*EDBT+4.S49S8 
LWBT=O . 00384*EDBT**2+0.34703*EDBT-l . 8737 
SCAP:l . 2948*EDBT-8.81689 
TCAP=O . 00931*EDBT**2+0.84849*EDBT-3.78388 
ELSEIF(ERH.GT.30 .AND. ERH.LE . 40) THEN 
LDBT:O . 00741*EDBT**2-0.01903*EDBT+7.39057 
LWBT:O . 0037*EDBT**2+0.4248*EDBT-l.61829 
SCAP=1.18543*EDBT-6.61857 
TCAP=O.01759*EDBT**2+0.S3023*EDBT-O.804 
ELSEIF{ERH.GT.40 .AND. ERH.LE.SO) THEN 
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LDBT~O.0121*EDBT**2-0.06417*EDBT+7 . 36982 
LWBT~O .00285*EDBT**2+0.50875*EDBT-l.34885 
SCAP-O . 8196*EDBT+O . 444 
TCAP~O . 02666*EDBT**2+ 0.270S5*EDBT-O .90861 
ELSEIF(ERH.GT.50 .AND. ERH.LE.60) THEN 
LDBT-O . 007S7*EDBT**2+0.28005*EDBT+2.9897 
LWBT-O .00497*EDBT**2+0.43839*EDBT+O.62339 
SCAPcO . 6282*EDBT+3 . 08133 
TCAP=O .02767*EDBT**2+0.43149*EDBT-l.95321 
ELSEIF{ERH.GT.60 .AND. ERH.LE.70) THEN 
LDBT- O.00548*EDBT** 2+0.45467*EDBT+l.32283 
LWBT- O.00563*EDBT** 2+0 . 44601*EDBT+l . 38683 
SCAP_ O.53186*EDBT+3 .1 9333 
TCAP-O . 02847*EDBT**2+ 0 . 59961*EDBT-4 . 23617 
ELSEIF(ERH . GT.70 .AND. ERH.LE.80) THEN 
LDBT.O.00687*EDBT* *2+ 0.42133*EDBT+2 .52217 
LWBT-O .00702*EDBT**2+0.41353*EDBT+2.5395 
SCAP20.46329*EDBT+2.S2667 
TCAPzO.02816*EDBT**2+0.80036*EDBT-6.27583 
ELSEIF(ERH.GT.80 . AND . ERH.LE.90) THEN 
LDBT_O.00694*EDBT**2+0 . 46414*EDBT+2.52143 
LWBT=O.00725*EDBT**2+0 .44 94*EDBT+2.63086 
SCAP=O . 41014*EDBT+ l. 85929 
TCAP=O.0324*EDBT**2+0 . 76114*EDBT-4.84429 
ELSEIF(ERH.GT.90 . AND. ERH.LE.I00) THEN 
LDBT.O.00741*EDBT**2+0.46697*EDBT+3.244 
LWBT.O .00648*EDBT**2+0.522*EDBT+2.432 
SCAP_O.3672*EDBT+l.02133 
TCAP-O .03518*EDBT**2+0.7S703*EDBT-3.216S7 
ENDIF 
ELSEIF{FLOW.EQ.O.82) THEN 
IF(ERH.LE.30) THEN 
LDBT_O. 0029*EDBT**2 +0 . 14455*EDBT+6 . 56461 
LWBT- O.00433*EDBT**2+ 0 . 30825*EDBT-l.39164 
SCAP_l.3326*EDBT_9 . 21378 
TCAP~O.00937*EDBT**2+0.9163*EDBT-4.85709 
ELSEIF{ERH.GT.30 .AND. ERH.LE.40) THEN 
LDBT-O .01157*EDBT**2-0.19414*EDBT+9.76286 
LWBT-O .00339*EDBT**2+0.41897*EDBT-l.43629 
SCAP=1.22143*EDBT-7.0S 
TCAPzO . 01805*EDBT**2+0 . S9683*EDBT-2 .01629 
ELSEIF{ERH.GT.40 .AND. ERH.LE.50) THEN 
LDBT_O .01278*EDBT**2_0.11448*EDBT+7.96461 
LWBT_O.00317*EDBT**2+0 . 47414*EDBT_O . 88315 
SCAP _O.8484*EDBT+O .0 9822 
TCAP~O.02676*EDBT* *2+0.37752*EDBT - O . 87418 
ELSEIF(ERH.GT . 50 . AND. ERH.LE.60) THEN 
LDBT-O . 00844 *EDBT**2+ 0 .21207*EDBT+3 . 89491 
LWBT-O .00555*EDBT**2+0.38897*EDBT+l . 25867 
SCAP=O.6648*EDBT+2.S4978 
TCAP=O.0272*EDBT**2+0 . 59133*EDBT-4.42958 
ELSEIF(ERH.GT.60 .AND. ERH.LE.70) THEN 
LDBT_O .00656*EDBT**2+0.38036*EDBT+2.2425 
LWBTzO.00671*EDBT**2+0.36913*EDBT+2.3465 
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SCAP=O.57171*EDBT+2.62333 
TCAP=O.02708*EDBT**2+0.82239*EDBT-7 . 49883 
ELSEIF(ERH.GT.70 .AND. ERH.LE.80) THEN 
LDBT=O.00741*EDBT**2+0.37217*EDBT+3 . 11033 
LWBT=O.00787*EDBT**2+0.35306*EDBT+3 . 229 
SCAP=O.49886*EDBT+2.165 
TCAP=O.02669*EDBT**2+1.02917*EDBT-9 . 27633 
ELSEIF(ERH.GT.80 .AND . ERH.LE.90) THEN 
LDBT=O .0091*EDBT**2+0.3378*EDBT+3.95457 
LWBT=O.00879*EDBT**2+0.35S11*EDBT+3 . 68371 
SCAP=O.45*EDBT+l.45 
TCAP=O.02854*EDBT**2+1.11386*EDBT-9.20714 
ELSEIF(ERH.GT.90 .AND. ERH.LE.I00J THEN 
LDBT=O . 00648*EDBT**2+0.5004*EDBT+2. 648 
LWBT=O.00741*EDBT**2+0.46697*EDBT+2 . 844 
SCAP=O.41863*EDBT+O.36419 
TCAP=O.02708*EDBT**2+1.31181*EDBT-9.733 
ENDIF 
ELSEIF{FLOW.EQ.O.88} THEN 
IF(ERH.LE.30) THEN 
LDBT=O .00412*EDBT**2+0.07167*EDBT+7 . 21091 
LWBT=O.00398*EDBT**2+0.31675*EDBT-l . 52873 
SCAP=1.3452*EDBT-8.86089 
TCAP=O .01128 *EDBT**2+0 . 86977*EDBT-4.15964 
ELSEIF(ERH.GT.30 .AND. ERH.LE.40j THEN 
LDBT=O.01389*EDBT**2-0.31114*EDBT+I0.86571 
LWBT=O.00339*EDBT**2+0.40869*EDBT-l.37629 
SCAP=1.23171*EDBT-6.69571 
TCAP=O .02129*EDBT**2 +0 .51274*EDBT-l . 085 14 
ELSEIF(ERH.GT . 40 .AND. ERH . LE .50) THEN 
LDBT=O .01237*EDBT**2 -0 . 10298 *EDBT+7.67939 
LWBT=O .0032*EDBT**2+0.45704*EDBT-O . 69309 
SCAP=O.864*EDBT+O.26 
TCAP=O.0294 1 *EDBT**2 +0 .34834*EDBT-O .71745 
ELSEIF(ERH.GT.50 .AND. ERH.LE.60) THEN 
LDBT=O . 00833*EDBT**2+0.20846*EDBT+3.788 
LWBT=O.00565*EDBT**2+0.36S14*EDBT+l.53055 
SCAP=O . 6912*EDBT+2 . 42356 
TCAP=O.02884*EDBT**2+0.63401*EDBT-5 .11903 
ELSEIF(ERH.GT.60 .AND. ERH.LE,70) THEN 
LDBT=O.00687*EDBT**2+0.34333*EDBT+2.64383 
LWBT=O . 00741*EDBT**2+0.31903*EDBT+2.85367 
SCAP=O.60857*EDBT+2 . 29167 
TCAP=O.02862*EDBT**2+0.88667*EDBT-8.34717 
ELSEIF(ERH.GT.70 .AND. ERH.LE.80J THEN 
LDBT=O .00802*EDBT**2+0 . 32897*EDBT+3.458 
LWBT =O.00779*EDBT**2+0 . 34196*EDBT+3.1995 
SCAP=O.53143*EDBT+l.99167 
TCAP=O.02877*EDBT**2+1.07944*EDBT-9.87483 
ELSEIF(ERH.GT.80 . AND. ERH . LE.90) THEN 
LDBT=O.00879*EDBT**2+0.33197*EDBT+3.93657 
LWBT =O .0091*EDBT**2+0.32494*EDBT+3 .86171 
SCAP=O.48214*EDBT+l.36786 
TCAP=O.03086*EDBT**2+1.16143*EDBT-9.65 
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ELSEIF(ERH . GT . 90 . AND . ERH.LE.l00) THEN 
LDBT~ O.00833*EDBT**2+0 . 404 74*EDBT+3 . 46B 
LWBT_ O. 00648*EDBT* *2+0 . 4B6*EDBT+2.S92 
SCAP. O. 44949*EDBT+O . 40324 
TCAP. O.02916*EDBT**2+1.37S46*EDBT-IO.21629 
ENDIF 
ELSEIF(FLOW.EQ . O. 93) THEN 
IF(ERH . LE . 30) THEN 
LDBT. O.OOSB9*EDBT* *2-0 . 02618* EDBT+8 . 20606 
LWBT_O . 0034S*EDBT** 2+0 . 33798*EDBT-l .84 38B 
SCAP. l . 3S480* EDBT-S . 62800 
TCAP. O. 0132 8* EDBT**2 +0 . 80419*EDBT-3 . 28497 
ELSEIF(ERH.GT.30 . AND . ERH.LE . 40) THEN 
LDBT_ O,01389*EDBT** 2_0 . 31886*EDBT+l0 . 8S 
LWBT. -O.00491*EDBT**2+0 . 7S718*EDBT-S . 0012 
SCAP- l.23686*EDBT-6 . 39 
TCAP_O.02314*EDBT**2+0.47829*EDBT_O . 69 
ELSElF(ERH.GT . 40 . AND . ERH.LE.SO) THEN 
LDBT~O . 01227*EDBT** 2-0 . 10SSS*EDBT+7 . S7818 
LWBT.O . 00647* EDBT** 2+0 . 2701S*EDBT+l . 48764 
SCAP- O. 8766 * EDBT+O . 39067 
TCAP- O. 03 147*EDBT**2+ 0 . 32297 *EDBT-O . S1333 
ELSEIF(ERH . GT . SO .AND. ERH.LE.60) THEN 
LDBTz O. 00840*EDBT** 2+0.19092 *EDBT+3 . 9S7S2 
LWBT_O.OOS8S*EDBT** 2+0.34S06*EDBT+l . 67164 
SCAP_O. 71460*EDBT+2 . 26622 
TCAP- O.03089*EDBT* * 2+0 . 63279*EDBT- S . 2926 1 
ELSEIF(ERH.GT . 60 . AND . ERH.LE.70) THEN 
LDBT. O.00741*EDBT** 2+0 . 30617*EOBT+2 . 97S67 
LWBT_O.00764*EDBT**2+0.28976*EDBT+3 . 173 8 3 
SCAP- O. 63729*EDBT+2 . 02833 
TCAP.O . 03032 * EDBT**2+0 . 91401*EDBT-8 . 791S0 
ELSEIF(ERH . GT . 70 . AND. ERH . LE.80) THEN 
LDBT~O . 008S6 * EDBT* * 2+ 0 . 28B39 * EDBT+3 . 829S 
LWBT. O. 00849* EDBT**2+ 0 . 291* EDBT+3 . 7S33 3 
SCAP- O. 56014*EDBT+l .S 0333 
TCAP- O.03086* EDBT** 2+ 1. 09371* EDBT-I0 . 01333 
ELSEIF(ERH.GT.80 . AND . ERH . LE.90) THEN 
LDBTzO.00957*EDBT* * 2+0 . 28869*EDBT+4 . 23514 
LWBT_O.OI034*EDBT**2+0 . 24797*EDBT+4.65800 
SCAP_O. 51171*EDBT+l . 19 
TCAP- O. 03317*EDBT**2+1 . 17814*EDBT-9 . 79857 
ELSEIF(ERH . GT . 90 . AND . ERH.LE . I00) THEN 
LDBT~O . 00741*EDBT* *2 + 0 .43097 * EDBT+3 . 104 
LWBT_O. 00926 * EDBT** 2+ 0 . 34 971 *EDBT+3 . 88 
SCAP. O.47 726*EDBT+O . 29S0S 
TCAP.O.03124*EDBT* *2+1.41236*EDBT-I0 . 497S6 
ENOlF 
ElSEI F {FLOW . EQ.l.0S) THEN 
IF(ERH.LE.30) THEN 
LDBT~O.00847*EOBT**2-0 . 17702*EOBT+9 . S3830 
LWBT=O. 00318*EOBT**2+0.33119*EOBT-l . 90412 
SCAP_l.38000*EDBT _7 . 92222 
TCAP~ O . 01889*EDBT* * 2 + 0 . 64297*EDBT-l.252S5 
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ELSEIF(ERH.GT . 30 .AND. ERH.LE.40) THEN 
LDBT:O .01497*EDBT**2-0.37603*EDBT+10 . 93633 
LWBT=O.00239*EDBT**2+0.41696*EDBT-1 . 52717 
SCAP=1.25743*EDBT-5 . 76714 
TCAP=O.03394*EDBT**2+0. 13457*EDBT+2 . 89571 
ELSEIF(ERH .GT.40 .AND. ERH.LE . 50) THEN 
LDBT=O.Ol145*EDBT**2-0.09081*EDBT+7.12739 
LWBT=O.00345*EDBT**2 +0.38838*EDBT+O . 11212 
SCAP=O . 93720*EDBT+O . 07467 
TCAP=O.03774*EDBT**2 +O. 26519*EDBT-O.45345 
ELSEIF(ERH.GT.50 . AND. ERH.LE.60) THEN 
LDBT=O.00853*EDBT**2+O . 14638*EDBT+4.3 1576 
LWBT=O.00609* EDBT**2 +O. 28495*EDBT+2.38182 
SCAP=O . 78780*EDBT+l.71422 
TCAP=O.03584*EDBT**2+O . 69453*EDBT-6.65891 
ELSEIF(ERH . GT.60 . AND . ERH .LE . 70) THEN 
LDBT=O . 00764*EDBT**2+0 . 24690*EDBT+3 . 55717 
LWBT=O.00795*EDBT**2+0.22959*EDBT+3.7 1017 
SCAP=O .72 771 *EDBT+1 . 20500 
TCAP=O . 03572*EDBT**2+0.99073*EDBT-l0 . 07483 
ELSEIF(ERH . GT .7 0 .AND. ERH . LE.80) THEN 
LDBT=O . 00895*EDBT**2+0 .21 960 *EDBT+4 . 44367 
LWBT:O . 00918*EDBT**2+0.21347 *EDBT+4 . 37883 
SCAP=O . 65057*EDBT+l . 15500 
TCAP:O . 03603*EDBT**2+1 . 20999 *EDBT-l1 .42 683 
ELSEIF{ERH.GT.80 .AND. ERH . LE . 90) THEN 
LDBT:O .01111*EDBT**2+0.16869*EDBT+5.28800 
LWBT=O.0106S *EDBT**2+ O. 18951*EDBT+5 . 01171 
SCAP:O . 60171*EDBT+O . 69714 
TCAP=O.03965*EDBT**2+ 1 . 25683*EDBT-10 . 56200 
ELSEIF(ERH .GT.90 .AND. ERH.LE.l00) THEN 
LDBT=O . 00833*EDBT**2+ 0.33994*EDBT+3 . 77600 
LWBT=O.01018*EDBT* *2+ 0 . 25149*EDBT+4.76400 
SCAP=O . 45771* EDBT+2 . 78476 
TCAP=O.09789*EDBT**2-1.45839*EDBT+24.60157 
ENDIF 
E1SEIF(FLOW . EQ . l.32) THEN 
IF(ERH.LE.30) THEN 
LDBT=O . 01031*EDBT** 2-0 . 30082*EDBT+l0 . 52727 
LWBT=O . 00139*EDBT* *2+0 . 38734 * EDBT-2 . 65467 
SCAP=1.4286*EDBT-7.496 
TCAP=O . 02981*EDBT**2+0.27939*EDBT+2 . 86606 
ELSEI F(ERH.GT.30 .AND. ERH. LE . 40) THEN 
LDBT=O . 01574*EDBT**2-0 . 44S03*EDBT+l 1 . 30633 
LWBT=O.00 177*EDBT* *2+0.39416*EDBT-l . 20650 
SCAP=1 . 31529*EDBT-5 . 62071 
TCAP=O . 04875*EDBT**2-0 . 29023*EDBT+6 . 834 
ELSEIF(ERH.GT . 40 .AND. ERH.LE.50J THEN 
LDBT=O . 00929*EDBT**2-0.03561*EDBT+6 . 25806 
LWBT=O . 00320*EOBT**2+0 . 33344*EDBT+O . 80291 
SCAP=1 . 05060*EDBT-1 . 00489 
TCAP=O . 047*EDBT**2+0.21308*EDBT-l . 15612 
ELSEIF{ERH.GT.50 . AND. ERH.LE.60) THEN 
LDBT=O . 00784*EDBT**2+0. 11164*EDBT+4 . 55527 
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LWBT. O.00697*EDBT**2+ 0.15922*EDBT+3.89406 
SCAP. O.92580*EDBT+O.32311 
TCAP~O.04442*EDBT**2+0.75872*EDBT · 8.61636 
ELSEIF(ERH.GT.60 . AND. ERH.LE.70) THEN 
LDBT_O.00856*EDBT**2+0.11867*EDBT+4.91950 
LWBT- O.00903*EDBT**2+0.09613*EDBT+5.12483 
SCAP- O.88629*EDBT-O . 40333 
TCAP~O.04636*EDBT* *2+1.00881*EDBT-l1.0905 
ELSEIF(ERH.GT.70 . AND. ERH.LE.80) THEN 
LDBT- O.00972*EDBT**2+0.10431*EDBT+5 . 43367 
LWBT- O. OI072*EDBT**2 +0.05490*EDBT+5 . 96383 
SCAP- O.80529*EDBT-O . 09333 
TCAP=O.04783*EDBT**2+1.21629*EDBT-ll.84333 
ELSEIF(ERH.GT . 80 .AND. ERH.LE.90) THEN 
LDBT- O.Ol157*EDBT**2+0.063*EDBT+6.13429 
LWBT_ O.Ol142*EDBT**2+0.07423*EDBT+5.90171 
SCAP- O.75986*EDBT-O.395 
TCAP. O. 05338*EDBT**2+1.21406*EDBT-IO.I0029 
ELSEIF(ERH.GT . 90 .AND. ERH.LE.IOO) THEN 
LDBT=O.Ol088*EDBT**2+0.1359*EDBT+5.65757 
LWBT_ O.OI065*EDBT**2+0 . 1494*EDBT+5 . 39286 
SCAP_ O. 73749*EDBT_l .21010 
TCAP=O.05068*EDBT* *2+1. 55481*EDBT-ll.53214 
ENDIF 
ElSEIF(FLOW.EQ.l.60) THEN 
IF(ERH.LE.30) THEN 
LDBT_O.00972*EDBT* *2_0.28380*EDBT+I0.15600 
LWBT_O.00036*EDBT* *2+0.41855*EDBT _2.9838a 
SCAP=1.45680*EDBT-7.57022 
TCAP- O.03568*EDBT**2+0 . 07336*EDBT+5.06776 
ELSEIF(ERH.GT.30 .AND . ERH.LE.40) THEN 
LDBT- O.01504*EDBT**2-0 .4 3007*EDBT+ll . 01250 
LWBT- O. 00085*EDBT* *2+ 0 . 41439*EDBT-l.38883 
SCAP- l.352S7*EDBT-S.89714 
TCAP- O.OS662*EDBT* *2 -0 . 52860*EDBT+8 . 99514 
ELSEIF(ERH .GT.40 .AND. ERH . LE.50) THEN 
LDBT=O.00821*EDBT**2-0.01101*EDBT+5.93673 
LWBT- O.0032S*EDBT**2+0.29176*EDBT+l.38376 
SCAP_l.11600*EDBT_ l.S 0444 
TCAP. O.05198*EDBT**2+0.16052*EDBT-l.24036 
ELSEIF(ERH.GT.50 .AND. ERH.LE . 60) THEN 
LDBT.O.007S8*EDBT**2+0 . 07159*EDBT+5.02436 
LW8T. O.00735*EDBT* *2 +0 . 09762*EDBT+4.6S121 
SCAP·l.00320*EDBT-O . 65200 
TCAP~O.04915 *EDBT**2 +0.76523*EDBT · 9.48315 
ELSEIF(ERH.GT.60 . AND. ERH.LE.70) THEN 
LDBT- O.OOS79*EDBT**2+0.06540*EDBT+5 . 49633 
LWBT- O.00941*EDBT**2+0.03420*EDBT+5 . 81567 
SCAP- O.96514*EDBT-l . 24667 
TCAP. O.05161*EDBT**2+1.00S47*EDBT-ll.54617 
ELSEIF(ERH.GT.70 .AND. ERH.LE.SO) THEN 
LDBT. O.OI041*EDBT**2+0.03107*EDBT+6.12583 
LWBT_O.OI034*EDBT**2+0.03197*EDBT+6 . 11S00 
SCAP _O.S8286*EDBT_O . 76667 
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TCAP=O.05431*EDBT**2+1 .18097*EDBT-ll.75367 
ELSEIF{ERH . GT.80 .AND. ERH.LE.90) THEN 
LDBT=O . 01188*EDBT**2+0.00454*EDBT+6.68800 
LWBT=O.01142*EDBT**2+0.02794*EDBT+6.32171 
SCAP=O.84343*EDBT-l.06286 
TCAP=O . 05955*EDBT**2+1.21749*EDBT-I0. 33743 
ELSEIF{ERH.GT . 90 . AND. ERH . LE.I00) THEN 
LDBT=O.Ol065*EDBT**2+0.10620*EDBT+S.76486 
LWBT=O.Ol180*EDBT**2+0.0S001*EDBT+6.38386 
SCAP=O.82594*EDBT-l.90038 
TCAP=O.OS809*EDBT**2+1.51779*EDBT-ll . 14814 
ENDIF 
ENDIF 
C Compute Air Pressure Drop in Pa 
IF(FLOW.EQ . O.7 7) THEN 
IF(ERH.GE.O . AND. ERH . LE.30) THEN 
IF (EDBT.LE.32.2) THEN 
APD=133 
ELSE 
APD=3.96*EDBT-S.6 
ENDIF 
ELSEIF(ERH.GT . 30 .AND. ERH.LE . 40) THEN 
IF{EDBT.LE . 23 . 9} THEN 
APD=133 
ELSE 
APD=-O.4536*EDBT**2+29 . 412*EDBT-328.76 
ENDIF 
ELSEIF{ERH .GT. 40 .AND. ERH.LE . 50} THEN 
IF(EDBT . LE . 21 . 1) THEN 
APD=l33 
ELSE 
APD=-O.11109*EDBT**2+8.00743*EDBT+14.96286 
ENDIF 
ELSEIF(ERH.GT.50 .AND. ERH.LE.60} THEN 
IF(EDBT .LE.35.0) THEN 
APD=-O . 07504*EDBT**2+5 . 32808*EDBT+69.69455 
ELSE 
APD=16S 
ENDIF 
ELSEIF{ERH.GT . 60 .AND. ERH.LE . 70} THEN 
IF{EDBT.LE.32 . 2} THEN 
APD=-O.OS477*EDBT**2+3.72471*EDBT+I05 . 18833 
ELSE 
APD=169 
ENDIF 
ELSEIF{ERH .GT.70 . AND . ERH .LE.80) THEN 
IF{EDBT.LE.29.4) THEN 
APD=-O.OS323*EDBT**2+3 . 16671*EDBT+124 . 72714 
ELSE 
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APD=173 
ENDIF 
ELSEIF{ERH.GT . 80 .AND. ERH.LE . I00) THEN 
APD=173 
ENDIF 
ELSEIF(FLOW.EQ.O.82) THEN 
IF(ERH .GE.O .AND. ERH.LE.30) THEN 
IF(EDBT.LE.32.2) THEN 
APD=1)) 
ELSE 
APD=1.44*EDBT+91 . 6 
ENDIF 
ELSEIF(ERH.GT.30 .AND. ERH.LE.40) THEN 
IF(EDBT.LE.23.9) THEN 
APD=l33 
ELSE 
APD=O.162*EDBT**2-6.B22*EDBT+202 . 57 
ENDIF 
ELSEIF(ERH.GT.40 .AND. ERH.LE.SO) THEN 
IF(EDBT.LE.21 .1 ) THEN 
APD=133 
ELSE 
APD=-O.11417*EDBT**2+B.21486*EDBT+12.34 
ENDIF 
ELSEIF{ERH.GT.50 .AND. ERH.LE.60) THEN 
IF{EDBT. LE.3S .0) THEN 
APD=-O.08107*EDBT**2+5.67974*EDBT+65.80485 
ELSE 
APD=166 
ENDIF 
ELSEIF(ERH.GT . 60 .AND . ERH.LE.70) THEN 
IF(EDBT.LE.32.2) THEN 
APD=-O.06094*EDBT**2+4.08814*EDBT+IOO.945 
ELSE 
APD=170 
ENDIF 
ELSEIF(ERH.GT.70 .AND, ERH.LE.80) THEN 
IF(EDBT.LE,21.1) THEN 
APD=-O.1296*EDBT**2+6.192*EDBT+96 . 04 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.80 .AND. ERH.LE.100) THEN 
APD=173 
ENDIF 
ELSEIF{FLOW.EQ.O.B8) THEN 
IF(ERH.GE.O .AND. ERH.LE.30) THEN 
IF(EDBT.LE . 35.0) THEN 
APD",133 
ELSE 
APD=1.OB*EDBT+I06.2 
ENDIF 
ELSEIF(ERH.GT.30 .AND. ERH.LE.40) THEN 
IF(EDBT.LE.23.9) THEN 
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APD=133 
ELSE 
APD=-O.1296*EDBT**2+9.432*EDBT-18.36 
ENDIF 
ELSEIF(ERH.GT . 40 .AND. ERH . LE.50} THEN 
IF(EDBT.LE.21 . 1} THEN 
APD=133 
ELSE 
APD=-O.13114*EDBT**2+9.25286*EDBT-1 . 55714 
END IF 
ELSEIF(ERH.GT . 50 .AND. ERH . LE.60} THEN 
IF(EDBT.LE.35.0) THEN 
APD=-O.08921*EDBT**2+6.11361*EDBT+61.66061 
ELSE 
APD=167 
ENDIF 
ELSEIF(ERH . GT . 60 .AND. ERH . LE . 70) THEN 
IF(EDBT.LE.32.2) THEN 
APD=-O.07097*EDBT**2+4.57371*EDBT+96 . 36 
ELSE 
APD=170 
ENDIF 
ELSEIF(ERH .GT . 70 . AND. ERH.LE.80) THEN 
IF(EDBT . LE . 21 . 1) THEN 
APD=-O .12 96*EDBT* *2+6.192*EDBT+97.04 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.80 . AND . ERH.LE . 100) THEN 
APD=173 
ENDIF 
ELSEIF(FLOW. EQ . O. 93) THEN 
IF( ERH .GE . O .AND. ERH .LE. 30) THEN 
I F(EDBT.LE . 32 . 2) THEN 
APD=133 
ELSE 
APD=1.44*EDBT+94.6 
ENDIF 
ELSEIF(ERH.GT.30 . AND. ERH.LE .4 0) THEN 
IF(EDBT.LE.23.9) THEN 
APD=133 
ELSE 
APD=-O . 1944*EDBT**2+13 . 14*EDBT-69 .76 
ENDIF 
ELSEIF(ERH .GT . 40 . AND . ERH .LE.SO) THEN 
IF(EDBT . LE . 18 . 3) THEN 
APD=133 
ELSE 
APD=-O . 07714*EDBT**2+S .77714*EDBT+50.1S714 
END IF 
ELSEIF(ERH . GT.50 . AND . ERH . LE . 60) THEN 
IF(EDBT . LE.3S . 0) THEN 
APD=-O.09608*EDBT**2+6 .4 6216*EDBT+58.49576 
ELSE 
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APD=167 
EI\TDIF 
ELSEIF(ERH.GT . 60 .AND. ERH.LE.70) THEN 
IF(EDBT.LE.35.0) THEN 
APD=-O.06943*EDBT**2+4.46143*EDBT+98.9 
ELSE 
APD=l73 
ENDIF 
ELSBIF{ERH.GT . 70 . AND . ERH.LE.80) THEN 
IF{EDBT.LE . 21.11 THEN 
APD=-O.1944*EDBT**2+8.38S*EDBT+79.56 
ELSE 
APD=l73 
ENDIF 
ELSEIF(ERH.GT.80 .AND. ERH.LE.IOO) THEN 
APD=l73 
ENDIF 
ELSEIF(FLQW . EQ . l . 05) THEN 
IF(ERH.GE.O .AND. ERH. LE.30) THEN 
IF(EDBT.LE . 26.7) THEN 
APD=133 
ELSE 
APD=-O.2268*EDBT**2+17.514*EDBT-186.01 
ENDIF 
ELSEIF(ERH .GT . 30 . AND. ERH.LE.40) THEN 
IF(EDBT . LE . 21 . 1) THEN 
APD=133 
ELSE 
APD= - O.324*EDBT**2+20.844*EDBT-179.64 
ENDIF 
ELSEIF{ERH.GT.40 .AND. ERH.LE.SO) THEN 
IF(EDBT.LE.lS . 3) THEN 
APD=133 
ELSE 
APD=-O.07714*EDBT**2+S.67429*EDBT+60.32857 
ENDIF 
ELSEIF(ERH.GT . 50 .AND . ERH.LE.60) THEN 
IF(EDBT.LE.35.0) THEN 
APD~-O.10379*EDBT**2+6.89158*EDBT+S5.48242 
ELSE 
APD=173 
END I F 
ELSEIF(ERH.GT.60 .AND. ERH.LE.70) THEN 
IF(EDBT.LE.3S . 0) THEN 
APD= - O.06017*EDBT**2+3.89914*EDBT+I09.32333 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.70 .AND . ERH.LE.SO) THEN 
IF(EDBT.LE.21.1) THEN 
APD=-O.1296*EDBT**2+5.832*EDBT+I06.64 
ELSE 
APD=l73 
ENDIF 
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ELSEIF(ERH.GT.SO .AND. ERH . LE.I00} THEN 
APD:173 
ENDIF 
ELSEIF(FLOW.EQ.l . 32) THEN 
IF(ERH.GE.O .AND. ERH.LE.30} THEN 
IF(EDBT.LE.26.7} THEN 
APD",133 
ELSE 
APD",-O .0972*EDBT**2+8.226*EDBT-14 .99 
ENDIF 
ELSEIF(ERH.GT.30 .AND. ERH.LE.40} THEN 
IF(EDBT.LE.21.1} THEN 
APD",133 
ELSE 
APD",-O.1944*EDBT**2+12 . 924*EDBT-S4.7 
ENDIF 
ELSEIF(ERH.GT.40 .AND . ERH . LE.SO} THEN 
IF(EDBT . LE . lS . 3} THEN 
APD=133 
ELSE 
APD",-O.OS709*EDBT**2+4.37743*EDBT+84.79143 
ENDIF 
ELSEIF(ERH.GT.SO .AND. ERH.LE.60} THEN 
IF(EDBT.LE.32.2) THEN 
AFD=-O.20674*EDBT**2+11.7S057*EDBT+3.79714 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.60 .AND. ERH.LE.70) THEN 
IF(EDBT.LE.21.1} THEN 
APD=-O.2S92*EDBT**2+11.304*EDBT+4S.88 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.70 .AND. ERH.LE.80) THEN 
IF(EDBT.LE.lS.6} THEN 
APD=170 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.80 .AND. ERH.LE.I00) THEN 
APD=173 
ENDIF 
ELSEIF(FLOW.EQ.l.60) THEN 
IF(ERH.GE.O .AND. ERH.LE.30) THEN 
IF( EDBT . LE.26.7) THEN 
APD",133 
ELSE 
APD=-O.0972*EDBT**2+8.226*EDBT-12.99 
ENDIF 
ELSEIF(ERH.GT.30 .AND. ERH.LE.40) THEN 
IF(EDBT.LE.21.1} THEN 
APD=133 
ELSE 
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APO=-O.1944 WEDBTW*2+12.924*EDBT-52.7 
ENDIF 
ELSEIF(ERH.GT .40 .AND. ERH.LE . 50) THEN 
IF(EDBT . LE.18 . 3} THEN 
APD=133 
ELSE 
APD=-O.06480 wEDBTww2+4.76743*EDBT+81.94857 
ENDIF 
ELSEIF(ERH.GT.5Q . AND . ERH.LE . 60} THEN 
IF(EDBT.LE.32.2} THEN 
APD=-O . 22989 wEDBT w* 2+12. 89914* EDBT-7 . 57429 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT . 60 . AND. ERH.LE.70) THEN 
IF(EDBT .LE.21. 1) THEN 
APD=-O . 2592 * EDBT** 2+11.304wEDBT+47 .88 
ELSE 
APD=173 
ENDIF 
ELSEIF(ERH.GT.70 .AND. ERH . LE .80 j THEN 
IF(EDBT. LE .15 . 6j THEN 
APD", 1 71 
ELSE 
APD..,173 
ENDI F 
ELSEIF(ERH.GT.80 .AND. ERH.LE.IOOj THEN 
APD",173 
ENDIF 
ENDIF 
C SET THE OUTPUTS 
OUT(l)=LDBT 
OUT(2)=LWBT 
OUT(3)_SCAP 
OUT(4) _TCAP 
OlIT (5) . APD 
OlIT (6) . FLOW 
RETURN 1 
END 
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SUBROUTINE TYPE289 (TIME,XIN,OUT,T,DTDT,PAR,INFO, ICNTRL, *) 
C*********************************************************************** 
C Object : HVAC System Pressure Drops Calculator 
C IISiBat Model: TYPE289 
C Author : Yat H. Yau & Alan S. Tucker 
C Editor: Yat. H. Yau & Alan S. Tucker 
C Date: 12/12/2001 last modified: 22/2/2002 
C 
C*********************************************************************** 
C THIS ROUTINE COMPUTES PRESSURE DROPS GIVEN PRESSURE DROPS (Pa) FOR 
C HPHX CHILLED WATER COIL, HOT WATER COIL AND EXTERNAL STATIC PRESSURE 
C OF 750 Pa . 
C***************************************************** ****************** 
C (Comments and routine interface generated by IISiBat3) 
C***************************************************** ****************** 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,ND,NO 
PARAMETER (NI=3,NP=0,NO=1,ND=0) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR , TIME 
DI MENSION XIN(NI),OUT(NO) ,PAR(NP),INFO(15) 
CHARACTER*3 YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 289 VARIABLES 
***************************************************** 
REAL CWCAPD,HWCAPD,HPHXAPD,ESP 
C----------------------------------------------------- -----------------
c IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF (INFO(7) .GE.O) GO TO 100 
C FIRST CALL OF SIMULATION , CALL THE TYPECK SUBROUTINE TO 
CHECK THAT THE 
C USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS,PARAMETERS, 
AND DERIVS 
c 
c 
INFO(6)=NO 
INFO(9)=1 
CALL TYPECK(l,INFO,NI,NP,NDj 
SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'PR3', 'PR3', 'PR3'/ 
DATA OCHECK/'PR3'/ 
CALL RCHECK(INPO,YCHECK,OCHECK) 
RETURN 1 
END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C------------------------------------------------------------------.---
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C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
100 CONTINUE 
1 CWCAPD=XIN(l) 
HWCAPD=XIN(2) 
HPHXAPD=XIN (3) 
Appendix U 
C------------- ---------------------------------------------------------
C Constant 548.5 Pa is the overall external pressure drop for 
C head losses in air ducts. 
C-------------------------------------------------------------- --------
C Compute External Static Pressure in Pa given ADP for CWC and HWC 
ESP=CWCAPD+HWCAPD+HPHXAPD+548.5 
C SET THE OUTPUTS 
OUT{l)=ESP 
RETURN 1 
END 
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SUBROUTINE TYPE292 (TIME,XIN,OUT,T,DTDT,PAR,INFO,ICNTRL,*l 
C*********************************************************************** 
C Object : Trane DWAA0704 Forward Curved Fan FC315 
C IISiBat Model: TYPE292 
C Author: Yat H. Yau 
C Editor : Yat. H. Yau & Alan S. Tucker 
COate : 11/12/2001 last modified: 11/12/2001 
C*********************************************************************** 
C THIS ROUT I NE SIMULATES THE ACTUAL FAN SPEED AND POWER CONSUMPTION 
C FOR FORWARD CURVED FAN 0704 FC315, GIVING EXTERNAL STATIC PRESSURE 
C (Pal. THE COMPONENT MUST BE RUN WITH A FAN AT 1.53 MA 3/S (3250 cfml 
C*********************************************************************** 
C (Comments and routine interface generated by IIS iBat 3) 
C*********************************************************************** 
c STANDARD TRNSYS DECLARATIONS 
DOUBLE PRECISION XIN,OUT 
INTEGER NI,NP,NO,NO 
PARAMETER (NI=1 . NP=0,NO=4,ND=0) 
INTEGER*4 INFO,ICNTRL 
REAL T,DTDT,PAR , TIME 
DIMENSION XIN(NI) ,OUT (NO) ,PAR(NP) , INFO( 1S) 
CHARACTER*3 YCHECK(NI),OCHECK(NO) 
*DECLARE TYPE 292 VAR I ABLES 
***************************************************** 
REAL ESP,E,N,FVEL,FLOW 
C----------------------------------------------------------------------
c 
c 
c 
c 
c 
IF ITS THE FIRST CALL TO THIS UNIT, DO SOME BOOKKEEPING 
IF (INFO(7) .GE.O) GO TO 100 
FI RST CALL OF SIMULATION, CALL THE TYPECK SUBROUTINE TO 
CHECK THAT THE 
USER HAS PROVIDED THE CORRECT NUMBER OF INPUTS,PARAMETERS, 
AND DERIVS 
INFO{6l=NO 
INFO(9)=1 
CALL TYPECK(l , INFO,NI,NP,ND) 
SET THE INPUT AND OUTPUT ARRAYS 
DATA YCHECK/'PRJ'/ 
DATA OCHECK/'PWJ', 'DM1', 'VEl', 'MFI'/ 
CALL RCHECK(INFO,YCHECK,OCHECK) 
RETURN I 
END OF THE FIRST ITERATION BOOKKEEPING 
C SET THE PARAMETER AND INPUT VARIABLES 
C----------------------------------------------------------------------
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C GET THE VALUES OF THE PARAMETERS FOR THIS COMPONENT 
100 CONTINUE 
1 ESP .. XIN ( l ) 
C Compute Actual Power Consumption (kW) and Speed (RPM) 
E=O.00264*ESP-0.27448 
N=O . 9173*ESP+638.07 
C Compute Air Face Velocity (m/s) and Flow Rate (m A 3/s) 
FVEL .. 2.2 
FLOW_ I.S3 
C SET THE OUTPUTS 
OUT(l) .. E 
OUT{2).,N 
OUT(3) _FVEL 
OUT(4)_FLQW 
RETURN 1 
END 
Appendi~ U 
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Appendix V 
Coefficient of Performance (COP) fo r the TRANE CW WL chilled water coil 
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Detailed Information For TRANE CVGD-710 Chiller Model 
From: Teng, Thin Po (Malaysia) (tpteng@trane.comJ 
Sent: Thursday, 10 April 2003 13:50 
To: Yat Yau 
Subject: RE: COP for Chililed Water Coil 
Mr . Yau, 
The chillers supplying chilled water to the AHU's are model CVGD-710 
operated on refrigerant HFC-134a. 
These chillers were selected to give 950 tons at chilled water in/out 
temp. of 54F(12.2C)/44F(6 . 7C) and condenser in/out temp. of 
87.5F(30.8C)/97.5F(36 . 4C). 
Based on these conditions the full load efficiency is 0.688 kW/ton 
(COP",5 . 1) . 
Part-load efficiencies are as follow: 
75% 0.66 kW/ton (COP~5 .3) 
50% 0.75 kw/ton (COP",4.7) 
25' 1 . 10 kW/ton (CO~3 .2) 
Part-load efficiencies are based on constant condenser temp. 
Hope the above information helps. 
Thanks . 
TENG THIN PO 
Country Senior Systems Mllnllger 
TRANE MALA YSIA Ltd. 
Email: tpteng@tnme.colll 
Mobile Phone: 0 19-4750255 
The mid-range COP va lue of 4 (average for 3.2 and 4.7) is chosen based on the above 
infonnation provided by TRANE MALAYSIA. It is estimated that the COP will be in 
the range of 3.2 to 4.7 based on the fac t that des ign load for chillers is always designed 
[or the worst case scenario with a safcty factor of 20%. The maximum cooling capacity 
for the ewe is about 90 kW and the average cooling capacity is about 55 kW calculated 
using thc ch illed water [low rate at 4.7 Us recommended by TRANE MALAYSIA 
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[75,1 02], and therefore the COP should be within the range of3.2 to 4.7. The details for 
COP calculation can be made to references [80], [103] and [104]. 
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